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Vibrational strong coupling has emerged as a promising route for manipulating the reactivity of
molecules inside infrared cavities. Growing evidence in this direction suggests that conventional
treatments of light-matter interaction are insufficient to describe the experimental results. We de-
velop a fully quantum mechanical methodology to describe the static properties and the dynamics
of a single anharmonic vibrational mode interacting with a quantized infrared cavity field in the
strong and ultrastrong coupling regimes. By comparing multiconfiguration time-dependent Hartree
(MCTDH) simulations for a Morse oscillator in a cavity, with an equivalent formulation of the prob-
lem in Hilbert space, we describe for the first time the essential role of permanent dipole moments
in the femtosecond dynamics of vibrational polariton wavepackets. We show that depending on
the shape of the electric dipole function de(q) along the vibrational mode coordinate q, molecules
can be classified into three general families. For molecules that are polar and have a positive slope
of the dipole function at equilibrium, we show that an initial diabatic light-matter product state
without vibrational or cavity excitations can evolve into a polariton wavepacket with a large num-
ber of intracavity photons, for interaction strengths at the onset of ultrastrong coupling. This
build up of intracavity photon amplitude is accompanied by an effective lengthening of the vibra-
tional mode of nearly 10%, comparable with a laser-induced vibrational excitation in free space.
In contrast, molecules that are also polar at equilibrium but have a negative slope of the dipole
function, experience an effective mode shortening under equivalent coupling conditions. Our model
predictions are numerically validated using realistic ab-initio potentials and dipole functions for
HF and CO2 molecules in their ground electronic states. We finally propose a non-adiabatic state
preparation scheme to generate vibrational polaritons using nanoscale infrared antennas and UV-vis
photochemistry or electron tunneling, to enable the far-field detection of spontaneously generated
infrared quantum light.
I. INTRODUCTION
The recent experimental demonstrations of strong and
ultrastrong light-matter interaction with molecules and
molecular materials in infrared cavities [1–18], has stim-
ulated intense theoretical efforts for understanding the
microscopic properties of hybrid photon-vibration states
from a quantum mechanical perspective [19]. Motivated
by pioneering measurements in liquid-phase Fabry-Perot
cavities [5, 17, 20], theoretical studies have focused on
the analysis of potential mechanisms that would enable
the modification of chemical reactivity in the ground
electronic state, under conditions of vibrational strong
coupling [21–23]. Another current theoretical focus is
the study of linear and nonlinear spectroscopic signals of
strongly coupled infrared cavities [19, 24–27].
Several models with varying degrees of complexity have
been used to study the static and dynamical properties of
vibrational polaritons, which are the hybrid light-matter
states that emerge in infrared cavities under strong cou-
pling [28]. In one of the earliest approaches to this prob-
lem [29], molecular vibrations were treated as two-level
∗Electronic address: felipe.herrera.u@usach.cl
systems with an energy gap given by the fundamental
vibration frequency. This effective vibrational qubit was
coupled to a quantized simple harmonic oscillator repre-
senting a single-mode cavity field, within the rotating-
wave approximation. For an ensemble of molecules, this
approach corresponds to the Tavis-Cummings model of
cavity quantum electrodynamics (QED [30]). Improv-
ing over this restricted model, intramolecular vibrations
within an electronic state are considered as quantum har-
monic oscillators in Ref. [26]. The light-matter coupling
model was also extended to include counter-rotating and
self-energy terms that are commonly considered under
conditions of ultrastrong coupling [31, 32], broadly de-
fined as the regime in which the light-matter interaction
energy is comparable with the vibrational and cavity fre-
quencies.
The anharmonicity of molecular vibrations was first
taken into account in Ref. [25], to model the pump-probe
spectrum of strongly coupled infrared cavities [16]. The
authors also treated vibrations as quantum harmonic os-
cillators, but supplemented with a weak anharmonic cor-
rection to the potential. The latter is introduced to cap-
ture the spectral anharmonicity of real vibrations (e.g.,
the spectrum is not equally spaced). Later in Ref. [27],
this perturbative approach was further extended to in-
clude the effect of electrostatic anharmonicity (e.g., the
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2dipole moment function is not symmetric relative to dis-
placements from equilibrium). Light-matter interaction
with the cavity field was treated within the rotating-wave
approximation in both works.
Perturbative anharmonicity models are best suited to
describe the spectroscopy of fundamental and overtone
transitions starting from the ground level (ν = 0) up to
the second vibrational state (ν = 2) [33]. This limited
range of applicability is not problematic when discussing
free-space infrared spectroscopy, as the light-matter cou-
pling can be safely regarded to be perturbative outside
an infrared cavity. However, under conditions of strong
and ultrastrong light-matter interaction inside a resonant
cavity, one expects the contribution of higher vibrational
levels (ν ≥ 3) to be non-negligible.
The first consistent approach that takes into account
the entire bound state spectrum and electric dipole func-
tion of an electronic potential energy curve was devel-
oped in Ref. [19], for an individual vibrating molecule
in an infrared cavity vacuum, giving rise to the multi-
level quantum Rabi model (MLQR). The model can be
derived from a valid electric-dipole formulation of light-
matter interaction that does not ignore dipole self-energy
terms [34], by projecting the system Hamiltonian into the
vibrational energy basis. For a given electronic potential
curve and electric dipole function, the MLQR model can
be used to understand both material and photonic prop-
erties of vibrational polaritons both in the strong and
ultrastrong coupling regimes.
Only molecules without electric dipole moment at equi-
librium were considered in Ref. [19]. Moreover, only off-
diagonal dipole matrix elements in the vibrational energy
basis (transition dipoles) were taken into account in the
light-matter interaction process. We now significantly
expand the MLQR model to include the contribution
of diagonal elements of the dipole matrix in the vibra-
tional basis (permanent dipoles), and compare the re-
sulting polariton physics of molecular vibrations that are
polar at equilibrium (e.g., CO) with those that are non-
polar at equilbrium (e.g. CO2). We show that the ex-
tended MLQR model is equivalent to a formulation of the
problem in the coordinate representation for both mate-
rial and photonic variables [35, 36], which is believed to
be numerically exact. This equivalence has been widely
ignored in the literature. We are particularly interested
in the evolution of vibrational polariton wavepackets and
the corresponding dynamics of simple material and pho-
tonic observables such as the mode length and the photon
number.
We perform a systematic comparison between polar
and nonpolar molecules under several conditions of non-
perturbative light-matter interaction, correlating the en-
tire shape electric dipole function along the nuclear co-
ordinate with the resulting vibrational polaritons dy-
namics. Radiative and non-radiative dissipation is not
taken into account and thus our results focus on the sub-
picosecond dynamics of the light-matter system. Among
other results, we predict that for a specific class of polar
molecules, the light-matter system can evolve from a dia-
batic product state with a definite number of vibrational
and cavity excitations (possibly vacuum), into a polari-
ton wavepacket with a mean intracavity photon number
that could be reliably measured using current detector
technology. Our work can thus stimulate further exper-
imental work on nanoscale vibrational strong coupling
[37–39].
In the rest of the article, we first discuss the theoret-
ical foundations of our model (Sec. II) and the details
of our methods (Sec. III). We then describe the results
obtained for the static and dynamical properties of vibra-
tional polaritons that emerge under the various material
and photonic conditions considered (Sec. IV). We finally
conclude with a discussion of the fundamental physical
principles that support our numerical results, and pro-
pose a quantum state preparation method that could be
used to test our predictions in nanoscale photonic devices
(Sec. V).
II. THEORETICAL FRAMEWORK
Following Refs. [35, 36, 40], we model an individual
molecular vibration coupled to a single quantized electro-
magnetic mode using a Hamiltonian that in the electric
dipole approximation for the light-matter interaction can
be written in the coordinate picture as
Hˆ =
(
− 1
2µ
∂2
∂q2
+ V (q)
)
+
(
−1
2
∂2
∂xˆ2
+
1
2
ω2c xˆ
2
)
+
√
2ωcE0xˆdˆ(q). (1)
The first term describes the vibrational motion of in-
terest, characterized by a potential energy curve (PEC)
V (q) along the normal mode coordinate q that has a re-
duced mass µ. In this work, the PEC is assumed to have
a single equilibrium configuration at q = qe and a well-
defined dissociation energy in free space. This behavior
can describe realistic stretching vibrational modes in di-
atomic and polyatomic molecules [33].
The second term in Eq. (1) describes the energy of a
single cavity field mode of frequency ωc and quadrature
operator xˆ. The third term corresponds to light-matter
interaction in multipolar form [34], truncated to the elec-
tric dipole approximation. E0 denotes the square-root
amplitude of the vacuum fluctuations at ωc and dˆ(q) is
the electric dipole function along the vibrational coordi-
nate. Atomic units are used throughout, unless otherwise
specified.
The evolution of an arbitrary intracavity light-matter
state |ψ(t)〉 is obtained from Hˆ in Eq. (1) by solving
i(d/dt) |ψ(t)〉 = Hˆ |ψ(t)〉 with the appropriate propaga-
tor. As described in more detail below, we propagate in-
tracavity wavefunctions by representing |ψ(t)〉 in coordi-
nate space representation and in Hilbert space. In the co-
ordinate representation, we discretize both Hˆ and |ψ(t)〉
3along both nuclear and cavity coordinates (q, x) and
propagate an initial state using the multi-configurational
time-dependent Hartree method (MCTDH [41, 42]). In
the Hilbert space representation, time-evolution is car-
ried out by first projecting Eq. 1 into a set of energy
eigenstates of the nuclear potential V (q) to give
Hˆ′ = Πˆvib Hˆ Πˆ†vib (2)
where Πˆvib =
∑νmax
ν=0 |ν〉 〈ν| is a projector operator into
the vibrational energy basis |ν〉, with ν being the vibra-
tional quantum number. Clearly if the energy basis set
is complete, i.e., νmax = ∞, then we have Hˆ′ ≡ Hˆ and
evolving a system state in the coordinate or Hilbert space
representation must give exactly equivalent results. In
practice, the projection operator Πˆvib can only reliably
be truncated up to a cutoff energy eigenstate with νmax
finite. We demonstrate below that despite this practi-
cal limitation, it is possible to find a value of νmax that
gives numerically equivalent results when propagating vi-
brational polariton wavepackets either in the coordinate
representation or in the Hilbert space representation.
As we discuss in detail below, we are interested in the
role of diagonal and off-diagonal elements of the dipole
moment matrix in the vibrational eigenbasis 〈ν′| d(q) |ν〉,
on the properties of vibrational polaritons. In order to
have controllable access to this information, we partition
the vibrationally-projected Hamiltonian Hˆ′ in Eq. (2) as
Hˆ′ = Hˆ1 + Hˆ2, where
Hˆ1 = ωcaˆ†aˆ+
∑
ν
ων |ν〉〈ν| (3)
+
∑
ν
∑
ν′>ν
gν′ν(|ν′〉〈ν|+ |ν〉〈ν′|)(aˆ† + aˆ),
and
Hˆ2 =
∑
ν
gν |ν〉〈ν| (aˆ† + aˆ), (4)
where summations over ν are implicitly assumed to be
carried out up to νmax.
The term Hˆ1 in Eq. (3) is the multi-level quantum
Rabi model (MLQR), developed in Ref. [19], in which
light-matter coupling parameters are determined only by
transition dipole moments through the state-dependent
Rabi frequencies
gν′ν = E0 〈ν′| dˆ(q) |ν〉 , (5)
for ν 6= ν′. Cavity field variables are described in terms
of the cavity annihilation operator aˆ. For a two-level
system, i.e., νmax = 1, Eq. (3) would reduce to the
quantum Rabi model for a qubit in ultrastrong coupling
[43–45], provided that the energy eigenstates |ν〉 have a
well-defined parity.
Noting that the intracavity electric field Eˆ is propor-
tional to E0(aˆ† + aˆ) [46], the term Hˆ2 in Eq. (4) can
be interpreted as the contribution to d ·E from the per-
manent dipole moment of each vibrational level ν. The
corresponding diagonal coupling strength is given by
gν = E0 〈ν| dˆ(q) |ν〉 . (6)
By partitioning Eq. (2) into contributions that involve
either off-diagonal (Hˆ1) or diagonal electric dipole matrix
elements (Hˆ2), we are able to isolate their contribution
to the light-matter system dynamics. In particular, we
compare below the evolution of intracavity system ob-
servables without the contribution of permanent dipole
moments, e.g., by setting Hˆ2 = 0, with the evolution ob-
tained by propagating the system using the entire electric
dipole function in coordinate space, and the full dipole
matrix in the vibrational eigenbasis.
The dependence on the vibrational quantum numbers
of the diagonal (gν) and off-diagonal (gν′ν) coupling pa-
rameters are directly related to the potential energy curve
V (q). Consider a potential that has even parity relative
to the equilibrium mode length qe, i.e., V (q) is invariant
under the transformation q → −q and qe = −qe. This is
the case for the harmonic potential V (q) = ω0(q−qe)2/2,
whose vibrational eigenstates are also eigenstates of par-
ity.
Selection rules for electric dipole matrix elements can
be derived by expanding the dipole function d(q) near qe
up to second order as
d(q) ≈ de + c1(q − qe) + c2(q − qe)2, (7)
where de is the electric dipole moment at the equilib-
rium configuration qe, c1 is proportional to the slope of
the dipole function at equilibrium and c2 to its curvature.
The absolute magnitude dipole parameters (|de|, |c1|, |c2|)
can be inferred from the strengths of fundamental and
overtone absorption peaks in stationary infrared spec-
troscopy [47]. Since the absorption line strengths are
proportional to the square of the transition dipole mo-
ments, the signs of the expansion parameters cannot be
resolved using linear spectroscopy. For ideal harmonic
vibrations, the expansion in Eq. (7) gives the usual se-
lection rules ∆ν = ±1,±2 for transition dipole moments.
Diagonal elements (permanent dipoles) are only weakly
dependent on the vibrational quantum number ν through
the quadratic term in the expansion, and are thus primar-
ily determined given by 〈ν|dˆ(q)|ν〉 ≈ de for small ν.
For realistic anharmonic molecular vibrations, the nu-
clear potential V (q) in general is not invariant under the
transformation q → −q and qe = −qe. Anharmonic vi-
brational eigenstates |ν〉 thus do not have a well-defined
parity. This changes the structure of the dipole ma-
trix elements 〈ν′|dˆ(q)|ν〉 in comparison with the case of
harmonic vibrations. In general, for anharmonic vibra-
tions there are no selection rules for transition dipole
moments. Permanent dipole moments have a stronger
dependence with the vibrational quantum number in
comparison with harmonic vibrations, as the contribu-
4tion of the linear term in Eq. (7) is not forbidden, i.e,
〈ν|dˆ(q)|ν〉 ≈ de + c1〈ν|(q − qe)|ν〉 for small ν.
In this work, we consider the intracavity dynamics of
an individual anharmonic vibration described by a Morse
potential of the form
V (q) = De (1− exp[−a(q − qe)])2 , (8)
where De is the potential depth that defines the dis-
sociation energy and a is a parameter that contributes
to the anharmonicity of the cavity-free vibrational spec-
trum. The nuclear Schro¨dinger equation with a Morse
potential can be solved analytically in terms of associ-
ated Laguerre polynomials [47, 48]. By comparing the
exact expression for the vibrational energies Eν with the
Dunham expansion [33], the vibrational spectrum up to
second order in ν can be written as
Eν ≈ −De + ω0(ν + 1/2)− ω0χe(ν + 1/2)2, (9)
where ω0 ≡ [~]a
√
2De/µ is the fundamental vibration
frequency in the harmonic approximation, and χe ≡
[~2]a2/2µ is the spectral anharmonicity parameter.
Having defined a model for the nuclear potential and a
structure for the light-matter coupling Hamiltonian both
in the coordinate space [Eq. (1)] and Hilbert space [Eqs.
(3)-(4)], we proceed to compute the dynamics of selected
intracavity light-matter wavepackets, which in general
can be written as
|ψ(t)〉 =
∑
ν
∑
nc
βν nc(t) |ν〉 |nc〉 , (10)
where βν nc(t) are time-dependent wavepacket coefficient
in the diabatic product basis |ν〉 |nc〉, where |nc〉 is an
eigenstate of the photon number operator aˆ†aˆ with eigen-
value nc (Fock state). As discussed in more detail below,
a coordinate space analogue of Eq. (10) can also be de-
fined.
In order to gain physical intuition about the fate of
the nuclear motion and the cavity field under conditions
of strong and ultrastrong light-matter coupling, we fo-
cus on the short-time dynamics of the mean mode length
〈ψ(t)|qˆ|ψ(t)〉 and the mean intracavity photon number
〈ψ(t)|aˆ†aˆ|ψ(t)〉 as a function of the light-matter coupling
strength and the shape of the dipole function d(q). We a
devote special attention to the latter, as one would expect
that for strong enough light-matter interaction, the spec-
tral observables should depend not only on the magni-
tudes of the dipole expansion parameters in Eq. (7)–as is
the case in cavity-free infrared absorption spectroscopy–
but also on their signs.
Based on this motivation, we classify anharmonic vi-
brations into modes without electric dipole moment at
equilibrium (de = 0), and modes that are polar at equi-
librium (|de| > 0). Examples of non-polar modes at equi-
librium are the asymmetric CO stretching modes of CO2
and Fe(CO)5 molecules. These vibrational modes acquire
a finite electric dipole moments away from equilibrium.
Molecular vibrations that are polar at equilibrium are
further sub-divided into those whose dipole function has
a positive slope at qe, [c1 > 0 in Eq. (7)], and those that
have a negative slope. We refer to the former as “dipole-
right” species, as the electric dipole has a maximum for
mode lengths beyond qe. Conversely, we refer to species
with c1 < 0 at qe as “dipole-left” systems, which have a
maximum dipole moment at shorter mode lengths.
III. METHODS
A. Morse and Dipole Function Parameters
We consider a model anharmonic oscillator described
by a Morse potential [Eq. (8)] with parameters in
atomic units given by De = 0.23 a.u., qe = 4.0 a.u.,
α = 1.4465 a.u. The reduced mass of the vibrational
mode is µ = 1.43764 amu. The same Morse potential
V (q) is used for the system Hamiltonian represented in
coordinate space and Hilbert space. For our chosen pa-
rameters, the potential has 24 vibrational bound states,
and the fundamental vibration period is 2pi/ω10 = 8.27
fs, where ω10 is the frequency of the 0→ 1 transition.
We numerically compute the vibrational energies ων
and eigenstates |ν〉 of the potential using a discrete vari-
able representation (DVR) method with a uniform grid
and Fourier basis functions [49]. We use up to Nq = 721
grid points over the interval 2.5 < q < 20.5 (a.u)
along the nuclear coordinate. We can construct a quasi-
complete nuclear basis |ν〉 with up to νmax ∼ 700, which
includes states above the dissociation threshold. How-
ever, in most static and dynamical calculations consid-
ered, converged results up to a very low tolerance can be
obtained with νmax ∼ 20−80, depending on the coupling
strength and molecular species.
For the definition of the electric dipole function along
the nuclear coordinate, we follow Ref. [19] and consider
the universal model
d(q) = d0(q − c0)e−(q−q0)2/2σ2 , (11)
where the set of parameters (d0, c0, q0, σ) can be cho-
sen such that the d(q) can equally well describe the
qualitative behavior of IR-active molecular species that
are polar or non-polar at equilibrium. As is mentioned
above, we compare three types of species according to the
form of their dipole function d(q): non-polar molecules
for which d(qe) = 0, polar molecules with |d(qe)| > 0
and (d/dq)[d(q)]|qe > 0, and finally polar molecules with
|d(qe)| > 0 and (d/dq)[d(q)]|qe < 0. In what follows, we
respectively denote these cases as non-polar (NP), polar-
right (PR), and polar-left (PL). The set of model func-
tion parameters used in this work are given in Table I, in
atomic units. In the last row, we also include the value
of the transition dipole moment d10 = 〈1| d(q) |0〉.
In Fig. 1 we plot the dipole functions d(q), perma-
nent dipole moments dν and transition dipole moments
5dPL(q) dPR(q) dNP(q)
c0 1.8 2.7 4.0
q0 3.6 4.5 4.0
σ 0.3 0.584 0.6
d0 1.0 1.0 2.0
d10 -0.32 0.20 0.19
TABLE I: Dipole moment function parameters (in atomic
units) for polar-left (PL), polar-right (PR) and non-polar
(NP) molecular species. The 0→ 1 transition dipole moment
(d10) is also given.
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⌫
<latexit sha1_base64="mQZcSq9LJDRUsDT3ru4 uQs5xPII=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLTK8QluAXe NUv8CZe/RY/wP9wkuzBJBY0FFXddHcFiRQGXffbKaytb2xuFbdLO7t7+wflw6OmiVPNocFjGet2wAxIoa CBAiW0Ew0sCiS0gtHt1G89gTYiVo84TsCP2ECJUHCGVnroqrRXrrhVdwa6SrycVEiOeq/80+3HPI1AIZ fMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NTp3QM6v0aRhrWwrpTP07kbHImHEU2M6I4dAse1PxP6+ TYnjtZ0IlKYLi80VhKinGdPo37QsNHOXYEsa1sLdSPmSacbTpLGwJNBsBTmwu3nIKq6R5UfXcqnd/Wan d5AkVyQk5JefEI1ekRu5InTQIJwPyQl7Jm/PsvDsfzue8teDkM8dkAc7XL/meli8=</latexit><latexit sha1_base64="mQZcSq9LJDRUsDT3ru4 uQs5xPII=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLTK8QluAXe NUv8CZe/RY/wP9wkuzBJBY0FFXddHcFiRQGXffbKaytb2xuFbdLO7t7+wflw6OmiVPNocFjGet2wAxIoa CBAiW0Ew0sCiS0gtHt1G89gTYiVo84TsCP2ECJUHCGVnroqrRXrrhVdwa6SrycVEiOeq/80+3HPI1AIZ fMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NTp3QM6v0aRhrWwrpTP07kbHImHEU2M6I4dAse1PxP6+ TYnjtZ0IlKYLi80VhKinGdPo37QsNHOXYEsa1sLdSPmSacbTpLGwJNBsBTmwu3nIKq6R5UfXcqnd/Wan d5AkVyQk5JefEI1ekRu5InTQIJwPyQl7Jm/PsvDsfzue8teDkM8dkAc7XL/meli8=</latexit><latexit sha1_base64="mQZcSq9LJDRUsDT3ru4 uQs5xPII=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLTK8QluAXe NUv8CZe/RY/wP9wkuzBJBY0FFXddHcFiRQGXffbKaytb2xuFbdLO7t7+wflw6OmiVPNocFjGet2wAxIoa CBAiW0Ew0sCiS0gtHt1G89gTYiVo84TsCP2ECJUHCGVnroqrRXrrhVdwa6SrycVEiOeq/80+3HPI1AIZ fMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NTp3QM6v0aRhrWwrpTP07kbHImHEU2M6I4dAse1PxP6+ TYnjtZ0IlKYLi80VhKinGdPo37QsNHOXYEsa1sLdSPmSacbTpLGwJNBsBTmwu3nIKq6R5UfXcqnd/Wan d5AkVyQk5JefEI1ekRu5InTQIJwPyQl7Jm/PsvDsfzue8teDkM8dkAc7XL/meli8=</latexit><latexit sha1_base64="mQZcSq9LJDRUsDT3ru4 uQs5xPII=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLTK8QluAXe NUv8CZe/RY/wP9wkuzBJBY0FFXddHcFiRQGXffbKaytb2xuFbdLO7t7+wflw6OmiVPNocFjGet2wAxIoa CBAiW0Ew0sCiS0gtHt1G89gTYiVo84TsCP2ECJUHCGVnroqrRXrrhVdwa6SrycVEiOeq/80+3HPI1AIZ fMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NTp3QM6v0aRhrWwrpTP07kbHImHEU2M6I4dAse1PxP6+ TYnjtZ0IlKYLi80VhKinGdPo37QsNHOXYEsa1sLdSPmSacbTpLGwJNBsBTmwu3nIKq6R5UfXcqnd/Wan d5AkVyQk5JefEI1ekRu5InTQIJwPyQl7Jm/PsvDsfzue8teDkM8dkAc7XL/meli8=</latexit>
d
(q
)
<latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit>
d
(q
)
<latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit>
d
(q
)
<latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit><latexit sha1_base64="HHfC0p5bzFbSllOkcEMbTSdHjLs=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSLUTUlE0GXRjcsK9gFtKJPJTTt0MokzN0IpBb/ArX6BO3Hrr/gB/oeTNgvbeuDC4Zx7ufcePxFco+N8W4W19Y3NreJ2aWd3b/+gfHjU0nGqGDRZLGLV8akGwSU0kaOATqKARr6Atj+6zfz2EyjNY/mA4wS8iA4kDzmjmElB9fG8X644NWcGe5W4OamQHI1++acXxCyNQCITVOuu6yToTahCzgRMS71UQ0LZiA6ga6ikEWhvMrt1ap8ZJbDDWJmSaM/UvxMTGmk9jnzTGVEc6mUvE//zuimG196EyyRFkGy+KEyFjbGdPW4HXAFDMTaEMsXNrTYbUkUZmngWtviKjgCnJhd3OYVV0rqouU7Nvb+s1G/yhIrkhJySKnHJFamTO9IgTcLIkLyQV/JmPVvv1of1OW8tWPnMMVmA9fUL96GWIA==</latexit>
q
<latexit sha1_base64= "VpdewOXmaCtuigItzayQN0Tg8eg=">AAAB+3icb VDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS 5id9CZDZmfXmVkhLPkCr/oF3sSrH+MH+B9Okj2Yx IKGoqqb7q4gEVwb1/12ChubW9s7xd3S3v7B4VH5+K Sl41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g/H9zG 8/o9I8lo9mkqAf0aHkIWfUWKnx1C9X3Ko7B1knXk 4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VG NC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiO tJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTE xmX1NBlwhM2JiCWWK21sJG1FFmbHZLG0JFB2jmdp cvNUU1knrquq5Va9xXand5QkV4QzO4RI8uIEaPEA dmsAA4QVe4c2ZOu/Oh/O5aC04+cwpLMH5+gVm95VN </latexit><latexit sha1_base64= "VpdewOXmaCtuigItzayQN0Tg8eg=">AAAB+3icb VDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS 5id9CZDZmfXmVkhLPkCr/oF3sSrH+MH+B9Okj2Yx IKGoqqb7q4gEVwb1/12ChubW9s7xd3S3v7B4VH5+K Sl41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g/H9zG 8/o9I8lo9mkqAf0aHkIWfUWKnx1C9X3Ko7B1knXk 4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VG NC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiO tJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTE xmX1NBlwhM2JiCWWK21sJG1FFmbHZLG0JFB2jmdp cvNUU1knrquq5Va9xXand5QkV4QzO4RI8uIEaPEA dmsAA4QVe4c2ZOu/Oh/O5aC04+cwpLMH5+gVm95VN </latexit><latexit sha1_base64= "VpdewOXmaCtuigItzayQN0Tg8eg=">AAAB+3icb VDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS 5id9CZDZmfXmVkhLPkCr/oF3sSrH+MH+B9Okj2Yx IKGoqqb7q4gEVwb1/12ChubW9s7xd3S3v7B4VH5+K Sl41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g/H9zG 8/o9I8lo9mkqAf0aHkIWfUWKnx1C9X3Ko7B1knXk 4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VG NC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiO tJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTE xmX1NBlwhM2JiCWWK21sJG1FFmbHZLG0JFB2jmdp cvNUU1knrquq5Va9xXand5QkV4QzO4RI8uIEaPEA dmsAA4QVe4c2ZOu/Oh/O5aC04+cwpLMH5+gVm95VN </latexit><latexit sha1_base64= "VpdewOXmaCtuigItzayQN0Tg8eg=">AAAB+3icb VDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS 5id9CZDZmfXmVkhLPkCr/oF3sSrH+MH+B9Okj2Yx IKGoqqb7q4gEVwb1/12ChubW9s7xd3S3v7B4VH5+K Sl41QxbLJYxKoTUI2CS2wabgR2EoU0CgS2g/H9zG 8/o9I8lo9mkqAf0aHkIWfUWKnx1C9X3Ko7B1knXk 4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VG NC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiO tJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTE xmX1NBlwhM2JiCWWK21sJG1FFmbHZLG0JFB2jmdp cvNUU1knrquq5Va9xXand5QkV4QzO4RI8uIEaPEA dmsAA4QVe4c2ZOu/Oh/O5aC04+cwpLMH5+gVm95VN </latexit>
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FIG. 1: Dipolar properties of molecular vibrations.
(Left panels) Dipole moment function d(q) (in atomic units)
for molecules that are polar and non-polar at equilibrium.
(Right panels) Vibrationally-averaged permanent dipole mo-
ments 〈ν| d(q) |ν〉 (left axes) and transition dipole moments
| 〈ν| d(q) |ν〉 | for 0→ 1 vibrational transitions (right axes). In
all panels, the Morse potential parameters used are De = 0.23
a.u., qe = 4.0 a.u., a = 1.4465 a.u., and µ = 1.43 amu.
dν0 for the first 20 bound states of each of the three
types of molecular species parametrized in Table I. The
square of the transition dipoles dν0 are proportional to
the oscillator strength of the vibrational transition 0→ ν
in linear infrared absorption. The three model func-
tions considered qualitatively reproduce the typical be-
havior in infrared absorption spectroscopy, which feature
a strong fundamental peak (0 → 1) with weaker over-
tones (0 → 2, 3, . . .). The permanent dipole moments
also behave as expected, with their magnitude decreas-
ing rapidly as ν approaches the continuum.
B. Cavity Field Parameters
In all our calculations the infrared cavity frequency ωc
is set to be on exact resonance with the fundamental vi-
brational frequency ω10, associated with the transition
0→ 1. The vacuum field amplitude E0 is considered as a
tunable parameter, simulating the fact that in real cavi-
ties the magnitude of the light-matter coupling strength
can be tuned by changing the intracavity molecular den-
sity, for a fixed cavity geometry and material composi-
tion [4]. For consistency between our coordinate space
and Hilbert space calculations, throughout this work we
parametrize the light-matter coupling strength by the di-
mensionless parameter
λg ≡ 〈1| dˆ(q) |0〉
ωc
E0. (12)
This definition of λg corresponds to the light-matter cou-
pling ratio g/ωc used in the ultrastrong coupling litera-
ture [31, 32], if we define d10E0 ≡ g.
The dimensionality of the cavity Hilbert space is set to
ensure convergence of static and dynamical calculations.
For the values of λg considered below, converged results
were obtained by including Fock states |nc〉 with up to
nc ∼ 80 photons. Convergence of the calculations in the
coordinate space representation is discussed below.
C. Polariton Wavepacket Propagation
We are interested in the dynamics of expectation values
of the form 〈ψ(t)|Oˆ|ψ(t)〉, where Oˆ is any molecular or
photonic observable of experimental interest such as the
photon number operator (aˆ†aˆ), the mode distance oper-
ator (qˆ), or the vibrational energy operator. The system
state |ψ(t)〉 is obtained by propagating numerically an
initial light-matter wavepacket |ψ0〉 with a unitary prop-
agator Uˆ(t), i.e., |ψ(t)〉 = Uˆ(t) |ψ0〉. The propagator and
the wavefunction can be accurately represented in both
the Hilbert and coordinate space representations, as de-
scribed in what follows.
1. Eigenphase Evolution in Hilbert Space
State evolution in Hilbert space is carried out by pro-
jecting the time-evolution operator Uˆ(t) = exp[−iHˆ′t]
into a truncated energy basis of the system Hamiltonian
Hˆ′. For calculations that only take into account the con-
tribution of transition dipole moments in the light-matter
interaction, we set Hˆ2 = 0 [Eq. (4)]. Energy eigenstates
|j〉 satisfy Hˆ′ |j〉 = j |j〉, where j labels discrete and
quasi-discrete polariton energy levels. Physically, energy
eigenstates correspond to anharmonic vibrational polari-
tons [19].
We project an arbitrary initial light-matter state into
the polariton basis as |ψ0〉 =
∑
j〈j |ψ0〉 |j〉. In this ba-
sis, initial states evolve into polariton wavepackets that
6undergo trivial phase evolution to read
|ψ(t)〉 =
jmax∑
j=0
〈j |ψ0〉 |j〉 e−ijt, (13)
where the summation includes the absolute ground state
(j = 0) and runs up to a spectral cut-off (jmax), cho-
sen such that the observables of interest 〈ψ(t)|Oˆ|ψ(t)〉
are converged over the entire evolution time. In this ap-
proach, convergence of the polariton spectrum is essential
for obtaining an accurate wavepacket dynamics.
2. MCTDH Evolution in Coordinate Space
In the coordinate space representation, the Hamilto-
nian Hˆ(x, q) in Eq. (1) is treated as a two-dimensional
potential energy surface (2D-PES) with respect to the nu-
clear and photonic coordinates, with the corresponding
kinetic energy terms [35, 40, 50, 51]. The light-matter
interaction term proportional to x × d(q) is regarded
as non-adiabatic coupling between the anharmonic nu-
clear potential V (q) and harmonic photonic potential
V (x) ≡ ω2cx2/2.
In this 2D-PES representation, the evolution of
an arbitrary light-matter wavepacket ψ0(x, q) is accu-
rately computed using the multi-configurational time-
dependent Hartree method (MCTDH, [41, 52]), as im-
plemented in Ref. [42]. By projecting a wavepacket
ψ(x, q, t) into the polariton eigenbasis, static properties
such as the polariton spectrum (j) may also be obtained,
as described below.
Static and dynamics calculations are carried out us-
ing DVR with a sine primitive basis for the molecular
coordinate q, in a grid of Nq = 721 points in the range
2.5 ≤ q ≤ 20.5 a.u. For the photonic coordinate x, we
use harmonic oscillator primitive basis functions on a di-
mensionless DVR grid within the range (−90, 90). The
number of photonic grid points Nx is chosen such that all
the Fock states needed for convergence can be properly
described.
Details about the MCTDH method can be found in
Ref. [41]. Briefly, the time-dependent Schro¨dinger equa-
tion is solved by introducing the wavepacket ansatz
ψ(q, x, t) =
nq∑
jq=1
nx∑
jx=1
Ajq,jx(t)φjq (q, t)φjx(x, t), (14)
corresponding to an expansion of the system state into
a time-varying product basis composed of the single
particle function φjq (q, t) in the nuclear coordinate and
φjx(x, t) in the photonic coordinate, each labelled by the
integers jq and jx, respectively. We set the number of
basis functions in the expansion to nq = nx = 30. The
equations of motion for the coefficients Ajq,jx(t) and the
basis functions on the corresponding 2D product grid are
obtained using an open-source MCTDH package [42], and
then solved using a numerical integrator. The evolution
of system observables 〈ψ(x, q, t)|Oˆ(x, q)|ψ(x, q, t)〉 is ob-
tained from the numerical evaluation of the correspond-
ing integrals on the (x, q)-grid.
For static calculations (e.g. polariton spectrum), we
use a routine in the MCTDH package that diagonalizes
the Hamiltonian matrix on the 2D grid using the Lanczos
algorithm [53]. The dimensionality of the Hamiltonian
matrix is NqNx, where Nq and Nx are the number of grid
points in the nuclear and photonic coordinates, respec-
tively. In the Lanczos method, the eigenvalue problem
is transformed into an iterative eigendecomposition. Af-
ter the number of iterations is set, a defined number of
eigenvalues M are computed, with M < NqNx.
IV. RESULTS
A. Static properties of vibrational polaritons
Our first goal is to compare the static properties of in-
tracavity vibrational polaritons that emerge under strong
light-matter coupling for molecular species that are either
polar or non-polar at equilibrium (see definition in Ta-
ble I). This comparison is best carried out in the Hilbert
space representation because we can controllably neglect
the contribution of permanent dipole moments in the
light-matter interaction, by setting Hˆ2 = 0 in Eq. (4).
In Fig. 2a we plot the polariton spectrum as a func-
tion of the dimensionless light-matter coupling strength
λg, for a non-polar molecule treated in two alternative
ways: (i) both transition and permanent dipole mo-
ments in the vibrational eigenbasis are taken into ac-
count (solid curves); (ii) only transition dipoles are con-
sidered (dashed curves). For a given value of λg, en-
ergies are shown relative to the energy of the absolute
ground state (EGS). The ground level in general ex-
hibits a red shift relative to its energy at λg = 0 (not
shown). For λg . 0.1, the lowest excited polariton man-
ifold exhibits the usual polariton doublet. The second
excited manifold has a well-defined triplet structure. At
larger coupling strengths λg > 0.1, the spectrum develops
into several real and avoided crossings between excited
polariton levels [19]. If we consider only the contribu-
tion of transition dipole moments in the system Hamil-
tonian (dashed curves), the low-energy excitation spec-
trum remains mostly unaltered in comparison with the
spectrum of the full Hamiltonian for a wide range of cou-
pling strengths. However, for higher coupling strengths
λg ≈ 0.3, ignoring the permanent dipole moments in the
Hamiltonian results in a qualitatively different polariton
spectrum.
In panels 2b and 3c, we show the mean bond distance
〈qˆ〉 and mean intracavity photon number 〈aˆ†aˆ〉, respec-
tively, for the polariton ground state. The model predicts
that at moderate values of λg ∼ 0.1 and beyond, the
system ground state behaves qualitatively different from
|ν = 0〉 |nc = 0〉, which is the system ground state out-
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FIG. 2: Static vibrational polariton properties for non-polar molecules. Polariton spectrum and selected observables
as a function of the dimensionless coupling strength λg, for a non-polar Morse oscillator at equilibrium, in a cavity resonant
with the fundamental vibration frequency ω10. In all panels, solid lines are obtained by including transition and permanent
dipoles in the Hamiltonian and dashed lines consider transition dipoles only. (a) Polariton energies relative to the ground state
(GS) in units of ω10. (b) Mean bond distance 〈qˆ〉 for the polariton ground state, in units of the equilibrium length qe. The
value for the ν = 0 vibrational state is shown for comparison. (c) Mean cavity photon number 〈aˆ†aˆ〉 for the polariton ground
state, in logarithmic scale.
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haˆ
† aˆ
i
<latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit>hqˆ
i/
q e
<latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit>
⌫ = 0
<latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBc h6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQ gR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXa bJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBc h6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQ gR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXa bJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBc h6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQ gR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXa bJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBc h6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQ gR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXa bJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit>
 g
<latexit sha1_base64="JXzOHVZx03Mv u108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoW QymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVn G7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Z j2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTf FLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TY XTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF 1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4B fu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mv u108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoW QymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVn G7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Z j2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTf FLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TY XTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF 1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4B fu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mv u108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoW QymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVn G7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Z j2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTf FLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TY XTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF 1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4B fu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mv u108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoW QymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVn G7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Z j2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTf FLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TY XTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF 1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4B fu+Yrw==</latexit>
 g
<latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMx FL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUije QIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq 0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQE MYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMx FL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUije QIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq 0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQE MYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMx FL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUije QIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq 0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQE MYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMx FL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUije QIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq 0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQE MYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit>
 g
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FIG. 3: Static vibrational polariton properties for polar molecules. Polariton spectrum and selected observables as a
function of the dimensionless coupling strength λg, for a polar-right Morse oscillator at equilibrium, in a cavity resonant with
the fundamental vibration frequency ω10. In all panels, the solid lines are obtained by including transition and permanent
dipoles in the Hamiltonian and the dashed lines by considering transition dipoles only. (a) Polariton energies relative to the
ground state (GS) in units of ω10. (b) Mean bond distance 〈qˆ〉 for the polariton ground state, in units of the equilibrium length
qe. The value for the ν = 0 vibrational state is shown for comparison. (c) Mean cavity photon number 〈aˆ†aˆ〉 for the polariton
ground state, in logarithmic scale.
side the cavity. This is most evident in panel 3c, where
it is shown that the polariton ground state is composed
of Fock states with nc ≥ 1 photons, even for coupling
strengths as low as λg ∼ 0.01. This would be convention-
ally considered as a signature of ultrastrong light-matter
coupling [31, 32].
Panel 2b shows that mean bond distance can be signif-
icantly higher in the polariton ground state (solid line)
than the bond distance of the ν = 0 vibrational eigenstate
of the Morse potential considered. This type of mode
lengthening effect is not captured when only transition
dipole moments are taken into account in light-matter
interaction. By ignoring the permanent dipole moments
of the vibrational states, i.e., setting Hˆ2 = 0, the ground
state is predicted to experience bond shortening (dashed
line). This is consistent with the results in Ref. [19], in
which state-dependent permanent dipoles are ignored.
In panel 2c we show that the intracavity photon num-
ber 〈aˆ†aˆ〉 has qualitatively the same behavior with the
coupling strength whether we take into account perma-
nent dipole moments or not. We discuss below how this
seems to only hold for non-polar molecular bonds, as we
find substancial differences when we consider vibrational
modes that are polar at equilibrium.
In Fig. 3, we show the polariton spectrum and ground
state properties as a function of the coupling strength
λg, for nuclear modes that are polar at equilibrium. For
concreteness, we consider the polar-right electric dipole
function in Table I. In general, the results are more sen-
sitive to the presence or absence of permanent dipole mo-
ments in the Hamiltonian than for the case of non-polar
molecules. For instance, panel 3a shows that the exact
polariton energies in the first and second excited mani-
folds (solid lines) already differ by a few percent from the
energies obtained by neglecting permanent dipole mo-
ments (dashed lines). The difference is more evident for
8values of λg ≈ 0.2 and beyond.
Panel 3b shows that the mode lengthening effect al-
ready predicted for non-polar molecules in Fig. 2 be-
comes much stronger in the polariton ground state of po-
lar species (solid line). Again, ignoring the contribution
of permanent dipole moments predicts a qualitatively dif-
ferent result (dashed line).
Panel 3c shows that for polar bonds the cavity field can
build up a significant amount of photons in the polari-
ton ground state, reaching up to 〈aˆ†aˆ〉 ∼ 10 for λg ∼ 0.4
(solid line). Interestingly, this prediction is very sensitive
to the presence or absence of permanent dipole moments
in the system Hamiltonian. Remarkably, by considering
only the contribution of transition dipole moments in the
light-matter interaction, the intracavity photon number
is consistently underestimated by about two orders of
magnitude (dashed line) with respect to the full dipole
matrix, for the entire range of coupling strengths consid-
ered. This should be compared with Fig. 2c, where only
small differences are found.
B. Sub-picosecond polariton dynamics
Let us now consider the short-time unitary dynamics
of the molecular and photon observables 〈qˆ〉 and 〈aˆ†aˆ〉,
for an intracavity system initially prepared in a polariton
wavepacket of the form
|ψ0〉 =
∑
ν
∑
nc
βν nc |ν〉 |nc〉 , (15)
where βν nc are complex wavepacket coefficients in the di-
abatic basis |ν〉 |nc〉. Transforming Eq. (15) to the coor-
dinate space representation preserves the values of βν nc .
The initial state is then propagated either in Hilbert
space or in coordinate space as described in Sec. III C.
1. Non-polar molecular vibrations
For concreteness, we first consider an initial condition
that describes a system in which an individual molecular
vibration in its ground level (ν = 0), is embedded at t = 0
into a cavity that was previously prepared in a coherent
state (e.g., via laser pumping). The molecular vibration
is assumed to be non-polar at equilibrium (see Table I),
and the cavity initially has |α|2 = 2 photons, with α
being the coherent state amplitude. We set λg = 0.125.
Physical intuition suggests that a molecule could be ex-
pected to interact strongly with the intracavity photons
of the resonant cavity and become vibrationally excited,
absorbing cavity photons. This intuitive picture is repro-
duced by converged MCTDH calculations in Figure 4.
Over the first 150 fs, the molecule is seen to increase its
mode length from the bare value at ν = 0 to the value for
ν = 1, by absorbing a single cavity photon on average.
t (fs)
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FIG. 4: Polariton wavepacket evolution for non-polar
molecular vibrations. (a) mean mode length 〈qˆ〉 as a func-
tion of time. As a reference, horizontal lines show the static
values of the ν = 0 and ν = 1 vibrational levels outside the
cavity. (b) Mean intracavity photon number 〈aˆ†aˆ〉. Results
are shown as obtained with the MCTDH method (solid lines),
the Hilbert space method with the full dipole matrix (crosses),
and the Hilbert space method without diagonal (permanent)
dipole matrix elements (dashed). In both panels, the molecu-
lar vibration is set to be initially in its ν = 0 vibrational level
and the cavity in a coherent state with |α|2 = 2 photons.
The cavity frequency is resonant with the fundamental vibra-
tional frequency ω10, and the light-matter coupling strength
is λg = 0.125.
This behavior is also seen on timescales on the order
of the vibrational period (2pi/ω10 = 8.27 fs). Over the
first 40 fs, nuclear oscillations that result in an overall
mode lengthening (panel 4a) are accompanied by a step-
wise decrease of the cavity photon number (panel 4b).
The partial recurrence of the photon number toward its
initial value in turn results in the overall shortening of the
vibrational mode. This qualitative behavior then tends
to repeat in cycles, but the amplitudes of the oscillations
in the nuclear and photonic observables become reduced
at later times.
Figure 4 also shows that evolution of the polariton ob-
servables using the Hilbert space approach gives results
that are indistinguishable from those obtained using the
MCTDH method, as long as the entire dipole matrix
is used, i.e., both transition dipoles (off-diagonal) and
permanent dipoles (diagonal) contribute to light-matter
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FIG. 5: Polariton wavepacket evolution for polar
molecular bonds. (a) mean mode length 〈qˆ〉 as a function
of time, for a polar-right vibration. Horizontal lines corre-
spond to the mode lengths of the ν = 0 and ν = 3 vibrational
levels outside the cavity. (b) Mean intracavity photon num-
ber 〈aˆ†aˆ〉. Results are shown as obtained with the MCTDH
method (solid lines), the Hilbert space method with the full
dipole matrix (crosses), and the Hilbert space method with-
out diagonal (permanent) dipole matrix elements (dashed).
In both panels, the molecular vibration is set to be initially
in its ν = 0 vibrational level and the cavity in a coherent
state with |α|2 = 2 photons. The cavity frequency is res-
onant with the fundamental vibrational frequency ω10, and
the light-matter coupling strength is λg = 0.125.
coupling. Small deviations from the exact MCTDH evo-
lution are found when we neglect the permanent dipole
moments, which is most evident in the evolution of the
photon number (panel 4b).
2. Polar molecular vibrations
We now consider the polariton dynamics of vibrational
modes that are polar at equilibrium. More specifically,
we focus on dipole-right species, as defined in Table I.
We assume the same initial condition as in the previous
case, i.e., the vibration initially in ν = 0 and the cavity
field in a coherent state with real amplitude α =
√
2. In
addition to comparing the qualitative differences in the
system dynamics with respect to the case of non-polar
species, we again compare the results obtained using a
numerically exact MCTDH approach with those obtained
using a Hilbert space approach that either includes or
neglects the contribution of permanent dipole moments
in the light-matter interaction.
Figure 5 shows the resulting evolution of the mean
mode length and the intracavity photon number for a
dipole-right molecule. The coupling strength λg is slightly
higher than in Fig. 4. Despite this difference, the com-
parison of Figs. 4 and 5 suggests that the intuitive phys-
ical picture of a vibrational mode overall being excited
by absorbing a cavity photon is not universal. For polar
species, MCTDH calculations predict an overall increase
of both the mean mode length and cavity photon number
over the first 150 fs, as the result of light-matter inter-
action (solid lines). Quantitatively equivalent results are
obtained by computing the dynamics in Hilbert space
with both diagonal and off-diagonal dipole matrix ele-
ments taken into account (cross symbols). When we ig-
nore the contribution of permanent dipoles in the Hamil-
tonian (dashed lines), we obtain results that are qualita-
tively different. Specifically, both the mean photon num-
ber and mode length are consistently underestimated if
permanent dipoles are neglected.
Let us first discuss in detail the evolution of the mean
photon number (panel 5b). Over short timescales on the
order of the bare vibrational period (8.27 fs), the sys-
tem exhibits alternating patterns of mode lengthening
at the expense of photon absorption and mode short-
ening accompanied by re-emission of photons into the
cavity field. These cycles were also found to occur for
non-polar species in Fig. 4. However, for polar bonds
our model predicts a qualitatively new physical behav-
ior: The light-matter system rapidly develops a sizable
number of cavity photons over the first few vibrational
periods. More specifically, in less than 5 fs the cavity
field amplitude rapidly grows from its initial condition
to about 〈aˆ†aˆ〉 ≈ 6.3 photons. Subsequent evolution of
the photon number occurs in cycles of decreasing ampli-
tude over the first 100 fs, until the polariton wavepacket
tends to stabilize into a cavity with more photons than
the initial state.
Let us now consider the evolution of the mean mode
length (panel 5a). Qualitatively, we obtain a similar be-
havior to the case of non-polar molecules (Fig. 4), i.e.,
the molecule experiences an overall mode lengthening
in comparison with its initial ground state configuration
(ν = 0). However, the molecular bond is lengthened by
the cavity field to a greater extent for polar species, at
equal coupling strength (λg = 0.125). For the system in
panel 5a, the mode length reaches a quasi-steady value
that is comparable with the length of a bare Morse vi-
brational state with ν = 3 vibrational quanta.
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FIG. 6: Polariton evolution for polar vibrations in a
vacuum field. Mean photon number 〈aˆ†aˆ〉 as a function of
time, for a polar-right molecular species, for two initial molec-
ular conditions: (a) vibrational ground state |ν = 0〉. (b) Vi-
brational wavepacket |ψv〉 = ∑ν cν |ν〉, with the vibrational
distribution |cν |2 shown in the inset. Results are shown as
obtained with the MCTDH method (solid line), the Hilbert
space method with the full dipole matrix (crosses), and the
Hilbert space method without diagonal (permanent) dipole
matrix elements (dashed line). In both panels the cavity is
initially in the vacuum state |nc = 0〉. The cavity frequency
is resonant with the fundamental vibrational frequency ω10,
and the light-matter coupling strength is λg = 0.25.
C. Non-classical intracavity initial conditions
Coherent states are known to provide an accurate de-
scription of lasers and are thus considered to have clas-
sical field statistics [54]. Let us consider now a qualita-
tively different scenario where the cavity field is prepared
initially in a state that has no classical analogue. We are
interested in understanding the differences that can be
expected in the dynamics of vibrational polariton when
the cavity field evolve from a pure Fock state, relative to
the results in Figs. 4 and 5, which correspond to a cavity
in an initial coherent state. If there are qualitative differ-
ences, we also want to understand the role of the polarity
of the molecular bond in the evolution of the polariton
system.
We first consider a light-matter system in which a po-
lar molecular vibration is first prepared in its ground
state and then adiabatically embedded into a cavity in
its vacuum state. Such a preparation scheme may be
feasible with microfluidic infrared cavities [8]. The ini-
tial wavepacket in the diabatic basis is simply
|ψ0〉 ≡ |ν = 0〉 |nc = 0〉 . (16)
In Fig. 6, we show the evolution of the mean intracavity
photon number starting from the initial state in Eq. (16),
for a polar-right molecular vibration (see definition in Ta-
ble I), for the coupling strength parameter λg = 0.25.
The numerically exact MCTDH results (panel 6a, solid
line) show that starting from the exact vacuum at t = 0,
the cavity field develops a significant amplitude over the
first few femtoseconds, with the photon number reaching
up to 〈aˆ†aˆ〉 ≈ 7.3 in 5 fs. The polariton wavepacket then
evolves into a state with a photon number that undergoes
moderate fluctuations about a relatively large number
(e.g., 〈aˆ†aˆ〉 ≈ 4.6 in 300 fs). Calculations performed with
the Hilbert space approach taking into account both tran-
sition and permanent dipole moments (crosses), give re-
sults that are equivalent to those obtained with MCTDH.
However, when we ignore the contribution of permanent
dipole moments in the light-matter interaction (dashed
line), the results consistently underestimate the intracav-
ity photon number by at least two orders of magnitude
over all timescales considered.
For comparison purposes, in panel 6b we show the evo-
lution of mean intracavity photon number starting from a
cavity in the vacuum Fock state, but the molecule in a vi-
brational wavepacket, i.e., |ψ0〉 = (
∑
ν cν |ν〉)⊗ |nc = 0〉.
The wavepacket has a mean vibrational energy E¯vib =
2.126ω10 and is initialized at equilibrium (〈q〉0 = qe).
The overall photon number evolution is qualitatively sim-
ilar to the case in panel 6a, suggesting that photon gener-
ation is more related to the structure of the light-matter
coupling Hamiltonian than the degree of initial molecular
excitation.
We also perform similar calculations using non-polar
molecules initialized in the diabatic state |ν = 0〉 |nc = 0〉
(not shown). For the same light-matter coupling param-
eters as in Fig. 6, we find that for this class of molecules,
the mean mode length does not significantly vary in com-
parison with free space, and also the average number of
cavity photons that can be produced remains at least
two orders of magnitude smaller than the case of polar
molecules, even after several hundred femtoseconds.
D. Role of the slope of the dipole function
Up to this point, we have numerically established that
the sub-picosecond dynamics of vibrational polaritons
formed with polar vibrations is qualitatively different
from the evolution of polaritons formed by vibrations
that are non-polar at equilibrium (e.g., compare Figs. 4
and 5). We now discuss what appears to be unexpected
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feature of vibrational polaritons for polar molecules: not
only the value of the dipole moment at equilibrium is
relevant to determine the dynamics of vibrational polari-
tons, but equally important is the sign of the slope of the
electric dipole function.
We support this conjecture below by comparing the dy-
namics of polariton observables for polar-right and polar-
left vibrational modes (see definitions in Table I). In our
Morse oscillator model, the transition dipole moments
(dν′ν) of polar-left and polar-right vibrations have the
same qualitative structure as a function of the vibra-
tional quantum number ν (see Fig. 1), but their perma-
nent dipole moments (dν) behave qualitatively different.
dν decreases monotonically with ν for polar-left vibra-
tions. For polar-right species, dν increases with ν for
low quantum numbers, then decays to small values for
higher vibrational levels. In other words, the discrete
slope ∆dν/∆ν has opposite signs at low ν, for our two
types of polar vibrations.
In Fig. 7, we correlate the sign of the slope ∆dν/∆ν
for polar-left and polar-right species, with the evolution
of the mean mode length and intracavity photon num-
ber under strong coupling. The polariton dynamics is
computed using MCTDH. For simplicity, we consider the
same initial condition as in Fig. 5, i.e., molecules are ini-
tially in their ground vibrational level and the cavity is
in a coherent state with two photons on average.
Panel 7a shows that starting from the same initial con-
dition, polar-right anharmonic vibrations experience an
overall increase of the mode length over the first few
hundred femtoseconds, while polar-left species effective
decrease their mode length in the same time interval.
For a coupling strength λg = 0.25, the mode length of
a polar-right molecule increases to a value comparable
with a ν = 8 vibrational eigenstate. On the contrary, a
polar-left vibrational mode can only transiently exceed
the initial mode length of the ν = 0 vibrational level.
Panel 7b in turn shows that the lengthening of the vi-
brational mode for a polar-right species is accompanied
by a significant increase of the intracavity photon num-
ber. For the parameters considered, the cavity evolves
from the vacuum state into a polariton wavepacket with
〈aˆ†aˆ〉 ≈ 7.0 in about 300 fs. In contrast, for a polar-
left species the cavity on average gives away about one
photon on average into the material system.
E. Case examples: CO2 and HF molecules
Until now we have considered the dynamics of idealized
Morse vibrations under strong light-matter coupling. Al-
though Morse oscillators are reasonably good approxima-
tions to the stretching modes of many molecular species,
so far we have not shown that the light-matter physics
predicted above can be observed with real molecules.
Let us consider the polariton dynamics of an individual
hydrogen fluoride (HF) molecule in an infrared cavity res-
onant with its fundamental frequency (ν˜10 = 3990 cm
−1,
t (fs)
<latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit>
hqˆ
i/
q e
<latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit><latexit sha1_base64="tn76wqP1d7XGghwQ4iiAjU4+k9s=">AAACFXicbVDLSgNBEJz1GeMr6km8DAbBU9wVQY9BLx4jmChkQ+iddJIhs7ObmV4hhOBn+AVe9Qu8iVfPfoD/4STmoNGChpqqbnq6olRJS77/4c3NLywuLedW8qtr6xubha3tmk0yI7AqEpWY2wgsKqmxSpIU3qYGIY4U3kS9i7F/c4fGykRf0yDFRgwdLdtSADmpWdgNFeiOQh52gXg/NJPXUb+JzULRL/kT8L8kmJIim6LSLHyGrURkMWoSCqytB35KjSEYkkLhKB9mFlMQPehg3VENMdrGcHLCiB84pcXbiXGliU/UnxNDiK0dxJHrjIG6dtYbi/959YzaZ42h1GlGqMX3onamOCV8nAdvSYOC1MAREEa6v3LRBQOCXGq/tkQGekgjl0swm8JfUjsuBX4puDopls+nCeXYHttnhyxgp6zMLlmFVZlg9+yRPbFn78F78V69t+/WOW86s8N+wXv/Auovn08=</latexit>
t (fs)
<latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv6 tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56YNj xSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSSC87qZc xQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit>
haˆ
† aˆ
i
<latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit><latexit sha1_base64="99TwtqfP1HQyigOxVOEx/KK2Hf8=">AAACIHicbVDLSgNBEJyN73fUo5fBKHgKuyLoUfTiUcFoIBtD76SzGTI7u8z0CiHkB/wMv8CrfoE38ah3/8NJ3IOJFjTUVHXT0xVlSlry/Q+vNDM7N7+wuLS8srq2vlHe3LqxaW4E1kSqUlOPwKKSGmskSWE9MwhJpPA26p2P/Nt7NFam+pr6GTYTiLXsSAHkpFZ5L1SgY4U87AJxuAvbEMdoimdoxmarXPGr/hj8LwkKUmEFLlvlr7CdijxBTUKBtY3Az6g5AENSKBwuh7nFDEQPYmw4qiFB2xyMrxnyfae0eSc1rjTxsfp7YgCJtf0kcp0JUNdOeyPxP6+RU+ekOZA6ywm1+FnUyRWnlI+i4W1pUJDqOwLCSPdXLrpgQJALcGJLZKCHNHS5BNMp/CU3h9XArwZXR5XTsyKhRbbDdtkBC9gxO2UX7JLVmGAP7Ik9sxfv0Xv13rz3n9aSV8xsswl4n980PKOn</latexit>
⌫ = 0
<latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7 qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQgR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXabJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7 qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQgR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXabJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7 qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQgR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXabJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit><latexit sha1_base64="gbLXVi3NuNKRn14htvg1dDEScIk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBDcJJEuYnUySIbOzy0yvEJYc/AKv+gXexKuf4gf4H06SPZjEgoaiqpvurjCRwqDrfjuFtfWNza3idmlnd2//oHx41DBxqhn3WSxj3Qqp4VIo7 qNAyVuJ5jQKJW+Go7up33zi2ohYPeI44UFEB0r0BaNoJb+j0hu3W664VXcGskq8nFQgR71b/un0YpZGXCGT1Ji25yYYZFSjYJJPSp3U8ISyER3wtqWKRtwE2ezYCTmzSo/0Y21LIZmpfycyGhkzjkLbGVEcmmVvKv7ntVPsXweZUEmKXLH5on4qCcZk+jnpCc0ZyrEllGlhbyVsSDVlaPNZ2BJqOuI4sbl4yymsksZF1XOr3sNlpXabJ1SEEziFc/DgCmpwD3XwgYGAF3iFN+fZeXc+nM95a8HJZ45hAc7XL/OrlrA=</latexit>
⌫ = 8
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FIG. 7: Polariton evolution for polar vibrations with
different dipole function slopes at equilibrium. (a)
mean mode length 〈qˆ〉 as a function of time, for a polar-right
vibration (blue line) and polar-left vibration (red line). Hori-
zontal lines correspond to the mode lengths of the ν = 0 and
ν = 8 vibrational levels outside the cavity. (b) Mean intra-
cavity photon number 〈aˆ†aˆ〉. In both panels, the molecular
vibration is set to be initially in its ν = 0 vibrational level and
the cavity in a coherent state with |α|2 = 2 photons. Results
are obtained with the MCTDH method. The cavity frequency
is resonant with the fundamental vibrational frequency ω10,
and the light-matter coupling strength is λg = 0.25.
2pi/ω10 = 8.36 fs). In Fig. 8a, we plot the ab-initio poten-
tial energy curve V (q) and electric dipole function d(q)
for the ground electronic state (X1Σ+). These were ob-
tained using the electronic structure package MOLPRO.
In both cases, a complete active space (CAS) calcula-
tion of the lowest electronic state has been performed us-
ing a multiconfigurational self-consistent field (MCSCF)
method, then followed by multireference configuration in-
teraction (MRCI) method, using Dunning’s correlation
consistent basis set with diffuse functions aug-cc-pVQZ.
According to our nomenclature, HF belongs to the polar-
right class of molecules.
In panels Fig. 8b and 8c, we show the evolution of
the mean mode length 〈qˆ〉 and the intracavity photon
number 〈aˆ†aˆ〉, respectively, for a vibrational polariton
wavepacket that evolves from an HF molecule initially
prepared in its ground vibrational state (ν = 0) with a
cavity in a vacuum Fock state (nc = 0). The results
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FIG. 8: Vibrational polariton evolution for the asymmetric stretching mode of hydrogen fluoride.(a) ab-initio
potential energy curve along the vibrational coordinate. The inset shows the corresponding electric dipole function around the
equilibrium configuration qe. (b) Fractional bond displacement from equilibrium as a function of time. (c) Mean intracavity
photon number. The molecule is initially in the vibrational ground state and the cavity is in the vacuum state. The cavity
frequency is resonant with the fundamental vibrational frequency ω10, and the light-matter coupling strength is λg = 0.1.
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<latexit sha1_base64="Hu3dFNj+Hm3Io7BrMm5j/Sbh95w=">AAACG3icbZC/SgNBEMb3/G/8F7W0cDEIWhjvRNBStLFUMDGQC2FuM0mW7O1ddueEEFL6GD6BrT6Bndha+AC+h5uYwqgfLPz4ZoaZ/aJUSUu+/+FNTc/Mzs0vLOaWlldW1/LrG2WbZEZgSSQqMZUILCqpsUSSFFZSgxBHCm+jzsWwfnuHxspE31AvxVoMLS2bUgA5q57fDhXolkK+F7aBePegW8f90Iy8Q8f1fMEv+iPxvxCMocDGuqrnP8NGIrIYNQkF1lYDP6VaHwxJoXCQCzOLKYgOtLDqUEOMttYffWTAd53T4M3EuKeJj9yfE32Ire3FkeuMgdr2d21o/lerZtQ8rfWlTjNCLb4XNTPFKeHDVHhDGhSkeg5AGOlu5aINBgS57Ca2RAY6SAOXS/A7hb9QPioGfjG4Pi6cnY8TWmBbbIftsYCdsDN2ya5YiQl2zx7ZE3v2HrwX79V7+26d8sYzm2xC3vsXscGhPg==</latexit><latexit sha1_base64="Hu3dFNj+Hm3Io7BrMm5j/Sbh95w=">AAACG3icbZC/SgNBEMb3/G/8F7W0cDEIWhjvRNBStLFUMDGQC2FuM0mW7O1ddueEEFL6GD6BrT6Bndha+AC+h5uYwqgfLPz4ZoaZ/aJUSUu+/+FNTc/Mzs0vLOaWlldW1/LrG2WbZEZgSSQqMZUILCqpsUSSFFZSgxBHCm+jzsWwfnuHxspE31AvxVoMLS2bUgA5q57fDhXolkK+F7aBePegW8f90Iy8Q8f1fMEv+iPxvxCMocDGuqrnP8NGIrIYNQkF1lYDP6VaHwxJoXCQCzOLKYgOtLDqUEOMttYffWTAd53T4M3EuKeJj9yfE32Ire3FkeuMgdr2d21o/lerZtQ8rfWlTjNCLb4XNTPFKeHDVHhDGhSkeg5AGOlu5aINBgS57Ca2RAY6SAOXS/A7hb9QPioGfjG4Pi6cnY8TWmBbbIftsYCdsDN2ya5YiQl2zx7ZE3v2HrwX79V7+26d8sYzm2xC3vsXscGhPg==</latexit><latexit sha1_base64="Hu3dFNj+Hm3Io7BrMm5j/Sbh95w=">AAACG3icbZC/SgNBEMb3/G/8F7W0cDEIWhjvRNBStLFUMDGQC2FuM0mW7O1ddueEEFL6GD6BrT6Bndha+AC+h5uYwqgfLPz4ZoaZ/aJUSUu+/+FNTc/Mzs0vLOaWlldW1/LrG2WbZEZgSSQqMZUILCqpsUSSFFZSgxBHCm+jzsWwfnuHxspE31AvxVoMLS2bUgA5q57fDhXolkK+F7aBePegW8f90Iy8Q8f1fMEv+iPxvxCMocDGuqrnP8NGIrIYNQkF1lYDP6VaHwxJoXCQCzOLKYgOtLDqUEOMttYffWTAd53T4M3EuKeJj9yfE32Ire3FkeuMgdr2d21o/lerZtQ8rfWlTjNCLb4XNTPFKeHDVHhDGhSkeg5AGOlu5aINBgS57Ca2RAY6SAOXS/A7hb9QPioGfjG4Pi6cnY8TWmBbbIftsYCdsDN2ya5YiQl2zx7ZE3v2HrwX79V7+26d8sYzm2xC3vsXscGhPg==</latexit><latexit sha1_base64="Hu3dFNj+Hm3Io7BrMm5j/Sbh95w=">AAACG3icbZC/SgNBEMb3/G/8F7W0cDEIWhjvRNBStLFUMDGQC2FuM0mW7O1ddueEEFL6GD6BrT6Bndha+AC+h5uYwqgfLPz4ZoaZ/aJUSUu+/+FNTc/Mzs0vLOaWlldW1/LrG2WbZEZgSSQqMZUILCqpsUSSFFZSgxBHCm+jzsWwfnuHxspE31AvxVoMLS2bUgA5q57fDhXolkK+F7aBePegW8f90Iy8Q8f1fMEv+iPxvxCMocDGuqrnP8NGIrIYNQkF1lYDP6VaHwxJoXCQCzOLKYgOtLDqUEOMttYffWTAd53T4M3EuKeJj9yfE32Ire3FkeuMgdr2d21o/lerZtQ8rfWlTjNCLb4XNTPFKeHDVHhDGhSkeg5AGOlu5aINBgS57Ca2RAY6SAOXS/A7hb9QPioGfjG4Pi6cnY8TWmBbbIftsYCdsDN2ya5YiQl2zx7ZE3v2HrwX79V7+26d8sYzm2xC3vsXscGhPg==</latexit>
t (fs)
<latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit >
t (fs)
<latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit ><latexit sha1_base64="B1pyEUag9agvbtDwkml+Z3gnYl8=">AAACCHicbVBLSgNBFOzxG+Mv 6tJNYxAiSJgRQZdBNy4jmA9kYujp9CRNunuG7jdCGOYCnsCtnsCduPUWHsB72ElmYRILHhRV71GPCmLBDbjut7Oyura+sVnYKm7v7O7tlw4OmyZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Hbit56 YNjxSDzCOWVeSgeIhpwSs9AjYP6+kvpY4NNlZr1R2q+4UeJl4OSmjHPVe6cfvRzSRTAEVxJiO58bQTYkGTgXLin5iWEzoiAxYx1JFJDPddPp1hk+t0sdhpO0owFP170VKpDFjGdhNSWBoFr2J+J/XSS C87qZcxQkwRWdBYSIwRHhSAe5zzSiIsSWEam5/xXRINKFgi5pLCTQZMchsL95iC8ukeVH13Kp3f1mu3eQNFdAxOkEV5KErVEN3qI4aiCKNXtArenOenXfnw/mcra44+c0RmoPz9QsA85n3</latexit >
h(qˆ   qe)i(a.u.)
<latexit sha1_base64="Xt2Jfs1i597SioQL /+aEnPReNnE=">AAACJHicbVDLSgNBEJz1/Tbq0ctgEOLBZVcEPYpePCoYFbIh9E46yZDZ2XWmVw hLfsHP8Au86hd4Ew9evPkfTuIefBU0FFXddHfFmZKWguDNm5icmp6ZnZtfWFxaXlmtrK1f2jQ3A usiVam5jsGikhrrJEnhdWYQkljhVdw/GflXt2isTPUFDTJsJtDVsiMFkJNalVqkQHcV8lrUA+I3u zct3IlMqRWRSTj4uT/caVWqgR+Mwf+SsCRVVuKsVfmI2qnIE9QkFFjbCIOMmgUYkkLhcCHKLWYg +tDFhqMaErTNYvzRkG87pc07qXGliY/V7xMFJNYOkth1JkA9+9sbif95jZw6h81C6iwn1OJrUSd XnFI+ioe3pUFBauAICCPdrVz0wIAgF+KPLbGBPtLQ5RL+TuEvudzzw8APz/erR8dlQnNsk22xGgv ZATtip+yM1Zlgd+yBPbIn79579l6816/WCa+c2WA/4L1/AoSgpCo=</latexit><latexit sha1_base64="Xt2Jfs1i597SioQL /+aEnPReNnE=">AAACJHicbVDLSgNBEJz1/Tbq0ctgEOLBZVcEPYpePCoYFbIh9E46yZDZ2XWmVw hLfsHP8Au86hd4Ew9evPkfTuIefBU0FFXddHfFmZKWguDNm5icmp6ZnZtfWFxaXlmtrK1f2jQ3A usiVam5jsGikhrrJEnhdWYQkljhVdw/GflXt2isTPUFDTJsJtDVsiMFkJNalVqkQHcV8lrUA+I3u zct3IlMqRWRSTj4uT/caVWqgR+Mwf+SsCRVVuKsVfmI2qnIE9QkFFjbCIOMmgUYkkLhcCHKLWYg +tDFhqMaErTNYvzRkG87pc07qXGliY/V7xMFJNYOkth1JkA9+9sbif95jZw6h81C6iwn1OJrUSd XnFI+ioe3pUFBauAICCPdrVz0wIAgF+KPLbGBPtLQ5RL+TuEvudzzw8APz/erR8dlQnNsk22xGgv ZATtip+yM1Zlgd+yBPbIn79579l6816/WCa+c2WA/4L1/AoSgpCo=</latexit><latexit sha1_base64="Xt2Jfs1i597SioQL /+aEnPReNnE=">AAACJHicbVDLSgNBEJz1/Tbq0ctgEOLBZVcEPYpePCoYFbIh9E46yZDZ2XWmVw hLfsHP8Au86hd4Ew9evPkfTuIefBU0FFXddHfFmZKWguDNm5icmp6ZnZtfWFxaXlmtrK1f2jQ3A usiVam5jsGikhrrJEnhdWYQkljhVdw/GflXt2isTPUFDTJsJtDVsiMFkJNalVqkQHcV8lrUA+I3u zct3IlMqRWRSTj4uT/caVWqgR+Mwf+SsCRVVuKsVfmI2qnIE9QkFFjbCIOMmgUYkkLhcCHKLWYg +tDFhqMaErTNYvzRkG87pc07qXGliY/V7xMFJNYOkth1JkA9+9sbif95jZw6h81C6iwn1OJrUSd XnFI+ioe3pUFBauAICCPdrVz0wIAgF+KPLbGBPtLQ5RL+TuEvudzzw8APz/erR8dlQnNsk22xGgv ZATtip+yM1Zlgd+yBPbIn79579l6816/WCa+c2WA/4L1/AoSgpCo=</latexit><latexit sha1_base64="Xt2Jfs1i597SioQL /+aEnPReNnE=">AAACJHicbVDLSgNBEJz1/Tbq0ctgEOLBZVcEPYpePCoYFbIh9E46yZDZ2XWmVw hLfsHP8Au86hd4Ew9evPkfTuIefBU0FFXddHfFmZKWguDNm5icmp6ZnZtfWFxaXlmtrK1f2jQ3A usiVam5jsGikhrrJEnhdWYQkljhVdw/GflXt2isTPUFDTJsJtDVsiMFkJNalVqkQHcV8lrUA+I3u zct3IlMqRWRSTj4uT/caVWqgR+Mwf+SsCRVVuKsVfmI2qnIE9QkFFjbCIOMmgUYkkLhcCHKLWYg +tDFhqMaErTNYvzRkG87pc07qXGliY/V7xMFJNYOkth1JkA9+9sbif95jZw6h81C6iwn1OJrUSd XnFI+ioe3pUFBauAICCPdrVz0wIAgF+KPLbGBPtLQ5RL+TuEvudzzw8APz/erR8dlQnNsk22xGgv ZATtip+yM1Zlgd+yBPbIn79579l6816/WCa+c2WA/4L1/AoSgpCo=</latexit>
V
(q
)(
a.
u
.)
<latexit sha1_base64="mQrT5n4Xdi+WZiePyyfJLx4NQ/o=">AAACDXicbVDLSsNAFJ3UV62vVJduBovQbkIigi6LblxWsA9oQ5lMb9qhM0mcmSgl9Bv8Arf6Be7Erd/gB/gfTtsstPXAhcM593IuJ0g4U9p1v6zC2vrG5lZxu7Szu7d/YJcPWypOJYUmjXksOwFRwFkETc00h04igYiAQzsYX8/89gNIxeLoTk8S8AUZRixklGgj9e1yq3pfw9WsJwUmTupMa3274jruHHiVeDmpoByNvv3dG8Q0FRBpyolSXc9NtJ8RqRnlMC31UgUJoWMyhK6hERGg/Gz++hSfGmWAw1iaiTSeq78vMiKUmojAbAqiR2rZm4n/ed1Uh5d+xqIk1RDRRVCYcqxjPOsBD5gEqvnEEEIlM79iOiKSUG3a+pMSSDIGPTW9eMstrJLWmeO5jnd7Xqlf5Q0V0TE6QVXkoQtURzeogZqIokf0jF7Qq/VkvVnv1sditWDlN0foD6zPH68lmrs=</latexit><latexit sha1_base64="mQrT5n4Xdi+WZiePyyfJLx4NQ/o=">AAACDXicbVDLSsNAFJ3UV62vVJduBovQbkIigi6LblxWsA9oQ5lMb9qhM0mcmSgl9Bv8Arf6Be7Erd/gB/gfTtsstPXAhcM593IuJ0g4U9p1v6zC2vrG5lZxu7Szu7d/YJcPWypOJYUmjXksOwFRwFkETc00h04igYiAQzsYX8/89gNIxeLoTk8S8AUZRixklGgj9e1yq3pfw9WsJwUmTupMa3274jruHHiVeDmpoByNvv3dG8Q0FRBpyolSXc9NtJ8RqRnlMC31UgUJoWMyhK6hERGg/Gz++hSfGmWAw1iaiTSeq78vMiKUmojAbAqiR2rZm4n/ed1Uh5d+xqIk1RDRRVCYcqxjPOsBD5gEqvnEEEIlM79iOiKSUG3a+pMSSDIGPTW9eMstrJLWmeO5jnd7Xqlf5Q0V0TE6QVXkoQtURzeogZqIokf0jF7Qq/VkvVnv1sditWDlN0foD6zPH68lmrs=</latexit><latexit sha1_base64="mQrT5n4Xdi+WZiePyyfJLx4NQ/o=">AAACDXicbVDLSsNAFJ3UV62vVJduBovQbkIigi6LblxWsA9oQ5lMb9qhM0mcmSgl9Bv8Arf6Be7Erd/gB/gfTtsstPXAhcM593IuJ0g4U9p1v6zC2vrG5lZxu7Szu7d/YJcPWypOJYUmjXksOwFRwFkETc00h04igYiAQzsYX8/89gNIxeLoTk8S8AUZRixklGgj9e1yq3pfw9WsJwUmTupMa3274jruHHiVeDmpoByNvv3dG8Q0FRBpyolSXc9NtJ8RqRnlMC31UgUJoWMyhK6hERGg/Gz++hSfGmWAw1iaiTSeq78vMiKUmojAbAqiR2rZm4n/ed1Uh5d+xqIk1RDRRVCYcqxjPOsBD5gEqvnEEEIlM79iOiKSUG3a+pMSSDIGPTW9eMstrJLWmeO5jnd7Xqlf5Q0V0TE6QVXkoQtURzeogZqIokf0jF7Qq/VkvVnv1sditWDlN0foD6zPH68lmrs=</latexit><latexit sha1_base64="mQrT5n4Xdi+WZiePyyfJLx4NQ/o=">AAACDXicbVDLSsNAFJ3UV62vVJduBovQbkIigi6LblxWsA9oQ5lMb9qhM0mcmSgl9Bv8Arf6Be7Erd/gB/gfTtsstPXAhcM593IuJ0g4U9p1v6zC2vrG5lZxu7Szu7d/YJcPWypOJYUmjXksOwFRwFkETc00h04igYiAQzsYX8/89gNIxeLoTk8S8AUZRixklGgj9e1yq3pfw9WsJwUmTupMa3274jruHHiVeDmpoByNvv3dG8Q0FRBpyolSXc9NtJ8RqRnlMC31UgUJoWMyhK6hERGg/Gz++hSfGmWAw1iaiTSeq78vMiKUmojAbAqiR2rZm4n/ed1Uh5d+xqIk1RDRRVCYcqxjPOsBD5gEqvnEEEIlM79iOiKSUG3a+pMSSDIGPTW9eMstrJLWmeO5jnd7Xqlf5Q0V0TE6QVXkoQtURzeogZqIokf0jF7Qq/VkvVnv1sditWDlN0foD6zPH68lmrs=</latexit>
d
(q
)(
a.
u
.)
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FIG. 9: Vibrational polariton evolution for the asymmetric CO stretching mode of carbon dioxide. (a) ab-initio
potential energy curve along the vibrational coordinate near the equilibrium configuration qe. The inset shows the corresponding
electric dipole function. (b) Fractional bond displacement from equilibrium as a function of time. (c) Mean intracavity photon
number. The molecule is initially in the vibrational ground state and the cavity is in the vacuum state. The cavity frequency
is resonant with the fundamental vibrational frequency ω10, and the light-matter coupling strength is λg = 0.1.
show that the molecule experiences an overall increase in
its mode length of about 10% in 300 fs, accompanied by a
significant buildup of intracavity photons. This behavior
is consistent with the results in Fig. 7 for polar-right
anharmonic oscillators, as expected.
In a second example, let us consider the dynamics of
an individual carbon dioxide molecule (CO2) in an in-
frared cavity resonant with the asymmetric stretching
mode (ν˜10 = 3860.7 cm
−1, 2pi/ω10 = 8.64 fs). This vi-
brational mode is non-polar at equilibrium but acquires a
dipole moment away from it, thus belonging to the non-
polar class. In Fig. 9a, we plot the ab-initio ground state
potential energy curve (1A′ state) and electric dipole
function near equilibrium along the asymmetric stretch-
ing mode. These were obtained using the same ab-initio
method used for HF (MCSCF/aug-cc-pVQZ).
In panels 9b and 9c, we show the evolution of the po-
lariton mode length and photon number, respectively,
over the first few hundred femtoseconds. The polariton
wavepacket is also assumed to evolve from a vibration-
less molecule in a vacuum Fock state. Unlike the cases
considered in previous sections, the mode length in CO2
is found to remain invariant at its bare equilibrium value
throughout the evolution of the polariton state, which we
attribute to the negligible anharmonicity of the potential
energy curve. In contrast, the intracavity photon num-
ber does varies significantly from its initially value zero,
rapidly reaching up to 〈aˆ†aˆ〉 ∼ 10−3 after a few vibra-
tional periods, from where it undergoes quasi-stationary
oscillations.
V. DISCUSSION AND OUTLOOK
We have shown in this work that the resonant interac-
tion of an individual molecular vibration with a quantized
cavity field can have very different physical observable
consequences, depending on the dipolar properties of the
molecular electron density. In principle, this is not com-
pletely unexpected if we recall that the oscillator strength
Sν′ν of infrared absorption band for a vibrational tran-
sition ν → ν′ is proportional to the square of the slope
of the electric dipole function de(q) at the equilibrium
configuration [33].
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Our results show that under conditions of strong and
ultrastrong light-matter interaction, not only the slope
but the entire shape of the electric dipole function is im-
portant to understand the static and dynamical prop-
erties of vibrational polaritons. For instance, we find
that two polar molecules which would have nominally
identical infrared absorption bands, can undergo qualita-
tively different polariton dynamics under resonant cou-
pling with a quantized cavity field.
Consider the case of polar-right and non-polar vibra-
tions, following the nomenclature in Fig. 1 and Table I.
Since they have essentially the same value of |d10|, the
two types of molecular vibrations would give the same in-
frared absorption spectrum, provided they also have the
same fundamental frequency ω10. However, the evolution
of physical observables for these two types of vibrations
are qualitatively different when they are placed inside
a resonant cavity. For instance, our results show that
by preparing a polar-right vibration in its ground vibra-
tional state outside the cavity, then place it suddenly into
the cavity volume in total darkness (no cavity photons),
the system evolves into a hybrid light-matter wavepacket
that behaves as if the molecular mode lengthens over sub-
picosecond timescales, while the cavity spontaneously
generates photons in the same time interval (see Fig. 6).
In another unexpected result, we find that polar molec-
ular vibrations can either experience bond-lengthening or
bond-shortening, depending on the shape of their electric
dipole function (see Fig. 7 for comparison of polar-right
and polar-left species). For interaction strengths at the
conventional onset of ultrastrong coupling [31, 32], we
find that polar-right vibrations can increase its length by
up to 10% from its equilibrium value (see Fig. 8 for hy-
drogen fluoride), while developing a intracavity field with
up to about 10 photons on average.
Mode lengthening in a strongly coupled infrared cav-
ity may in turn result in different chemical reactivities
of polar molecules, in comparison with free space. Our
theoretical and numerical analysis may thus provide a
consistent basis for the development of a reaction rate
theory for vibrational polaritons that can offer a mi-
croscopic understanding of the observed chemical reac-
tion enhancements under vibrational strong coupling [8],
which remains to be an outstanding goal in the field.
For polar and non-polar molecular vibrations we pre-
dict an ultrafast dynamical buildup of intracavity pho-
tons during the evolution of a strongly coupled light-
matter system with initially no vibrational or photonic
excitations. This spontaneous generation of photons is a
natural outcome of wavepacket evolution in the polariton
energy basis, since diabatic initial product states |ν〉 |nc〉
are not eigenstates of the light-matter Hamiltonian for
any finite coupling strength (λg 6= 0). In the adiabatic
polariton basis, vibration-photon product states can thus
be seen as wavepackets that have broad distribution po-
lariton energies. As long as the wavepacket has contri-
butions from polariton excited states, then the system
can radiate intracavity photons into the far field through
radiative decay.
The energy needed to produce cavity field excitations
together with the vibrational excitation of a molecule
comes from light-matter interaction Hamiltonian itself.
This is simpler to visualize in the Hilbert space repre-
sentation [see Eqs. (3)-(4)]. The counter-rotating terms
of light-matter term can directly couple diabatic states
|ν〉 |nc〉 that can be interpreted as a simultaneous exci-
tation of both the vibrational mode and the cavity field.
If the contribution of these counter-rotating couplings is
significant, we can thus observe an overall increase of the
photon number and mode length.
In experiments, it may be challenging to initialize a
strongly coupled cavity-vibration system in a diabatic
product state |ν〉 |nc〉, with a definite number of vibra-
tional excitations and a definite photon number. One
potential preparation scheme is illustrated in Fig. 10.
At early times (t t0), an individual molecule is placed
within a relevant plasmonic mode volume in total dark-
ness (i.e., no laser driving). Although the vacuum field
amplitude at the molecular-nanoparticle interface can be
large, the molecular vibration does not exchange energy
with the near-field vacuum because either the fundamen-
tal frequency ω′vib is far detuned from the relevant plas-
mon frequency ωcav (∆ω ≡ ωc − ω′vib 6= 0), or the dipole
moment for the relevant vibrational transition is such
that light-matter coupling is weak (λg ≈ 0), or both con-
ditions occur simultaneously (as in Fig. 10). Under these
conditions, the molecule-nanoparticle system will simply
thermalize with its environment and remain unaltered
in the absence of additional external perturbations. In
particular, the number of photons in the near field will
not exceed the level imposed by the background radi-
ation at infrared frequencies, which is negligibly small
(〈aˆ†aˆ〉 ≈ 0).
Strong light-matter coupling is suddenly activated over
the time interval Tchem = t1−t0 by chemically converting
the adsorbed molecule into a species with a vibrational
mode that either becomes resonant with the near-field
vacuum (∆ω ≈ 0), or the relevant vibrational transi-
tion dipole is such that light-matter coupling becomes
strong (λ0 & 0.1), or both situations occur simultane-
ously (as in Fig. 10). UV-Vis photochemistry [55] or
electron tunneling [56] can be used to activate the bond-
forming reaction on the surface of the nanoparticle at t0
. This chemical transformation is not expected to form
infrared near-field photons. After the reaction is com-
plete (t ≥ t1), the molecule-nanoparticle system is left
in the strong coupling regime of light-matter interaction.
Assuming that the strongly coupled bond is formed in
the vibrational ground state, the system at t1 is left in
the diabatic product state |ν = 0〉 |nc = 0〉, from where it
evolves into a polariton wavepacket that can eventually
radiate a number of infrared photons into the far field
over sub-picosecond timescales (〈aˆ†aˆ〉 & 1). In the ab-
sence of external infrared driving fields, the generation
of near-field quantum light stops when the wavepacket
relaxes to the vibrational polariton ground state.
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<latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit>
 
g
<latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit><latexit sha1_base64="JXzOHVZx03Mvu108p++KemLM8XQ=">AAACA3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7EPaoWQymTY0kxmSO0IpXfoFbvUL3IlbP8QP8D9M21nY1gOBwznncm9OkEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGt1O/9cS1EYl6wFHK/Zj2lYgEo2ilx6600ZD2+r1yxa26M5BV4uWkAjnqvfJPN0xYFnOFTFJjOp6boj+mGgWTfFLqZoanlA1pn3csVTTmxh/PDp6QM6uEJEq0fQrJTP07MaaxMaM4sMmY4sAse1PxP6+TYXTtj4VKM+SKzRdFmSSYkOnvSSg0ZyhHllCmhb2VsAHVlKHtaGFLoOmQ48T24i23sEqaF1XPrXr3l5XaTd5QEU7gFM7BgyuowR3UoQEMYniBV3hznp1358P5nEcLTj5zDAtwvn4Bfu+Yrw==</latexit>
 
!
<latexit sha1_base64="LETuBkcenpHS0nhzhU0Zl9T8Okg=">AAACB3icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGMImQLKF30kmGzD6c6RVCyAf4BV71C7yJVz/DD/A/nCR7MIkFDUVVN9VUkChpyHW/ndzK6tr6Rn6zsLW9s7tX3D+omzjVAmsiVrF+CMCgkhHWSJLCh0QjhIHCRjC4nviNJ9RGxtE9DRP0Q+hFsisFkJX81g0qAt6KQ+xBu1hyy+4UfJl4GSmxDNV28afViUUaYkRCgTFNz03IH4EmKRSOC63UYAJiAD1sWhpBiMYfTZ8e8xOrdHg31nYi4lP178UIQmOGYWA3Q6C+WfQm4n9eM6XupT+SUZISRmIW1E0Vp5hPGuAdqVGQGloCQkv7Kxd90CDI9jSXEmgYII1tL95iC8ukflb23LJ3d16qXGUN5dkRO2anzGMXrMJuWZXVmGCP7IW9sjfn2Xl3PpzP2WrOyW4O2Rycr18qrZof</latexit><latexit sha1_base64="LETuBkcenpHS0nhzhU0Zl9T8Okg=">AAACB3icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGMImQLKF30kmGzD6c6RVCyAf4BV71C7yJVz/DD/A/nCR7MIkFDUVVN9VUkChpyHW/ndzK6tr6Rn6zsLW9s7tX3D+omzjVAmsiVrF+CMCgkhHWSJLCh0QjhIHCRjC4nviNJ9RGxtE9DRP0Q+hFsisFkJX81g0qAt6KQ+xBu1hyy+4UfJl4GSmxDNV28afViUUaYkRCgTFNz03IH4EmKRSOC63UYAJiAD1sWhpBiMYfTZ8e8xOrdHg31nYi4lP178UIQmOGYWA3Q6C+WfQm4n9eM6XupT+SUZISRmIW1E0Vp5hPGuAdqVGQGloCQkv7Kxd90CDI9jSXEmgYII1tL95iC8ukflb23LJ3d16qXGUN5dkRO2anzGMXrMJuWZXVmGCP7IW9sjfn2Xl3PpzP2WrOyW4O2Rycr18qrZof</latexit><latexit sha1_base64="LETuBkcenpHS0nhzhU0Zl9T8Okg=">AAACB3icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGMImQLKF30kmGzD6c6RVCyAf4BV71C7yJVz/DD/A/nCR7MIkFDUVVN9VUkChpyHW/ndzK6tr6Rn6zsLW9s7tX3D+omzjVAmsiVrF+CMCgkhHWSJLCh0QjhIHCRjC4nviNJ9RGxtE9DRP0Q+hFsisFkJX81g0qAt6KQ+xBu1hyy+4UfJl4GSmxDNV28afViUUaYkRCgTFNz03IH4EmKRSOC63UYAJiAD1sWhpBiMYfTZ8e8xOrdHg31nYi4lP178UIQmOGYWA3Q6C+WfQm4n9eM6XupT+SUZISRmIW1E0Vp5hPGuAdqVGQGloCQkv7Kxd90CDI9jSXEmgYII1tL95iC8ukflb23LJ3d16qXGUN5dkRO2anzGMXrMJuWZXVmGCP7IW9sjfn2Xl3PpzP2WrOyW4O2Rycr18qrZof</latexit><latexit sha1_base64="LETuBkcenpHS0nhzhU0Zl9T8Okg=">AAACB3icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGMImQLKF30kmGzD6c6RVCyAf4BV71C7yJVz/DD/A/nCR7MIkFDUVVN9VUkChpyHW/ndzK6tr6Rn6zsLW9s7tX3D+omzjVAmsiVrF+CMCgkhHWSJLCh0QjhIHCRjC4nviNJ9RGxtE9DRP0Q+hFsisFkJX81g0qAt6KQ+xBu1hyy+4UfJl4GSmxDNV28afViUUaYkRCgTFNz03IH4EmKRSOC63UYAJiAD1sWhpBiMYfTZ8e8xOrdHg31nYi4lP178UIQmOGYWA3Q6C+WfQm4n9eM6XupT+SUZISRmIW1E0Vp5hPGuAdqVGQGloCQkv7Kxd90CDI9jSXEmgYII1tL95iC8ukflb23LJ3d16qXGUN5dkRO2anzGMXrMJuWZXVmGCP7IW9sjfn2Xl3PpzP2WrOyW4O2Rycr18qrZof</latexit>
!0vib
<latexit sha1_base64="1QPkOL4ZFQxk6IppKAwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJ duBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxjyWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQ U8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPpZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9 YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiSRUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppKAwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJ duBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxjyWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQ U8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPpZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9 YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiSRUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppKAwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJ duBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxjyWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQ U8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPpZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9 YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiSRUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppKAwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJ duBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxjyWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQ U8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPpZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9 YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiSRUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/rc75asoqbI7QA6+sXCHycLA==</latexit>
0
<latexit sha1_base64="u+7D/JaVCq31orv4wCnuTvUCP Gg=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2J0IJ+QVe9Rd4E6/+GH+A/8Ntm4Ntf TDweG+GmXlBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lRzaPNYxrobMANSKGijQAndRAOLAglPweR+5j89gzYiVo84TcC P2EiJUHCGVmq5g2rNrbtz0HXiFaRGCjQH1Z/+MOZpBAq5ZMb0PDdBP2MaBZeQV/qpgYTxCRtBz1LFIjB+Nj80pxdWGdIw 1rYU0rn6dyJjkTHTKLCdEcOxWfVm4n9eL8Xw1s+ESlIExReLwlRSjOnsazoUGjjKqSWMa2FvpXzMNONos1naEmg2AcxtLt 5qCuukc1X33LrXuq417oqEyuSMnJNL4pEb0iAPpEnahBMgL+SVvDm58+58OJ+L1pJTzJySJThfv/+RlQw=</latexit><latexit sha1_base64="u+7D/JaVCq31orv4wCnuTvUCP Gg=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2J0IJ+QVe9Rd4E6/+GH+A/8Ntm4Ntf TDweG+GmXlBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lRzaPNYxrobMANSKGijQAndRAOLAglPweR+5j89gzYiVo84TcC P2EiJUHCGVmq5g2rNrbtz0HXiFaRGCjQH1Z/+MOZpBAq5ZMb0PDdBP2MaBZeQV/qpgYTxCRtBz1LFIjB+Nj80pxdWGdIw 1rYU0rn6dyJjkTHTKLCdEcOxWfVm4n9eL8Xw1s+ESlIExReLwlRSjOnsazoUGjjKqSWMa2FvpXzMNONos1naEmg2AcxtLt 5qCuukc1X33LrXuq417oqEyuSMnJNL4pEb0iAPpEnahBMgL+SVvDm58+58OJ+L1pJTzJySJThfv/+RlQw=</latexit><latexit sha1_base64="u+7D/JaVCq31orv4wCnuTvUCP Gg=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2J0IJ+QVe9Rd4E6/+GH+A/8Ntm4Ntf TDweG+GmXlBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lRzaPNYxrobMANSKGijQAndRAOLAglPweR+5j89gzYiVo84TcC P2EiJUHCGVmq5g2rNrbtz0HXiFaRGCjQH1Z/+MOZpBAq5ZMb0PDdBP2MaBZeQV/qpgYTxCRtBz1LFIjB+Nj80pxdWGdIw 1rYU0rn6dyJjkTHTKLCdEcOxWfVm4n9eL8Xw1s+ESlIExReLwlRSjOnsazoUGjjKqSWMa2FvpXzMNONos1naEmg2AcxtLt 5qCuukc1X33LrXuq417oqEyuSMnJNL4pEb0iAPpEnahBMgL+SVvDm58+58OJ+L1pJTzJySJThfv/+RlQw=</latexit><latexit sha1_base64="u+7D/JaVCq31orv4wCnuTvUCP Gg=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2J0IJ+QVe9Rd4E6/+GH+A/8Ntm4Ntf TDweG+GmXlBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lRzaPNYxrobMANSKGijQAndRAOLAglPweR+5j89gzYiVo84TcC P2EiJUHCGVmq5g2rNrbtz0HXiFaRGCjQH1Z/+MOZpBAq5ZMb0PDdBP2MaBZeQV/qpgYTxCRtBz1LFIjB+Nj80pxdWGdIw 1rYU0rn6dyJjkTHTKLCdEcOxWfVm4n9eL8Xw1s+ESlIExReLwlRSjOnsazoUGjjKqSWMa2FvpXzMNONos1naEmg2AcxtLt 5qCuukc1X33LrXuq417oqEyuSMnJNL4pEb0iAPpEnahBMgL+SVvDm58+58OJ+L1pJTzJySJThfv/+RlQw=</latexit>
0
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0.1
<latexit sha1_base64="LYbSBCl0o92WcKfc4oWOoxwy4 xA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJ BY0FFXddHcFieDauO63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxup37rCZXmsXw04wT 9iA4kDzmjxkoPbtXrlStu1Z2BrBIvJxXIUe+Vf7r9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfzU6dkDOr 9EkYK1vSkJn6dyKjkdbjKLCdETVDvexNxf+8TmrCaz/jMkkNSjZfFKaCmJhM/yZ9rpAZMbaEMsXtrYQNqaLM2HQWtgSKjt BMbC7ecgqrpHlR9WyI95eV2k2eUBFO4BTOwYMrqMEd1KEBDAbwAq/w5jw7786H8zlvLTj5zDEswPn6BeEnlX8=</latex it><latexit sha1_base64="LYbSBCl0o92WcKfc4oWOoxwy4 xA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJ BY0FFXddHcFieDauO63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxup37rCZXmsXw04wT 9iA4kDzmjxkoPbtXrlStu1Z2BrBIvJxXIUe+Vf7r9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfzU6dkDOr 9EkYK1vSkJn6dyKjkdbjKLCdETVDvexNxf+8TmrCaz/jMkkNSjZfFKaCmJhM/yZ9rpAZMbaEMsXtrYQNqaLM2HQWtgSKjt BMbC7ecgqrpHlR9WyI95eV2k2eUBFO4BTOwYMrqMEd1KEBDAbwAq/w5jw7786H8zlvLTj5zDEswPn6BeEnlX8=</latex it><latexit sha1_base64="LYbSBCl0o92WcKfc4oWOoxwy4 xA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJ BY0FFXddHcFieDauO63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxup37rCZXmsXw04wT 9iA4kDzmjxkoPbtXrlStu1Z2BrBIvJxXIUe+Vf7r9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfzU6dkDOr 9EkYK1vSkJn6dyKjkdbjKLCdETVDvexNxf+8TmrCaz/jMkkNSjZfFKaCmJhM/yZ9rpAZMbaEMsXtrYQNqaLM2HQWtgSKjt BMbC7ecgqrpHlR9WyI95eV2k2eUBFO4BTOwYMrqMEd1KEBDAbwAq/w5jw7786H8zlvLTj5zDEswPn6BeEnlX8=</latex it><latexit sha1_base64="LYbSBCl0o92WcKfc4oWOoxwy4 xA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOepMhs7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJ BY0FFXddHcFieDauO63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYxup37rCZXmsXw04wT 9iA4kDzmjxkoPbtXrlStu1Z2BrBIvJxXIUe+Vf7r9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfzU6dkDOr 9EkYK1vSkJn6dyKjkdbjKLCdETVDvexNxf+8TmrCaz/jMkkNSjZfFKaCmJhM/yZ9rpAZMbaEMsXtrYQNqaLM2HQWtgSKjt BMbC7ecgqrpHlR9WyI95eV2k2eUBFO4BTOwYMrqMEd1KEBDAbwAq/w5jw7786H8zlvLTj5zDEswPn6BeEnlX8=</latex it>
h⌫
<latexit sha1_base64="n5Pe6zETdIRtpTGbLDPLphFnG+U=">AAAB/nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lE0GPRi8cKthXaUDbbSbN0swm7G6GUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYl6DKhGwSW2DDcCH1OFNA4EdoLRbe53nlBpnsgHM 07Rj+lQ8pAzanIp6smsX625dXcGskq8gtSgQLNf/ekNEpbFKA0TVOuu56bGn1BlOBM4rfQyjSllIzrErqWSxqj9yezWKTmzyoCEibIlDZmpfycmNNZ6HAe2M6Ym0steLv7ndTMTXvsTLtPMoGTzRWEmiEl I/jgZcIXMiLEllClubyUsoooyY+NZ2BIoOkIztbl4yymskvZF3XPr3v1lrXFTJFSGEziFc/DgChpwB01oAYMIXuAV3pxn5935cD7nrSWnmDmGBThfv8U4lqE=</latexit><latexit sha1_base64="n5Pe6zETdIRtpTGbLDPLphFnG+U=">AAAB/nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lE0GPRi8cKthXaUDbbSbN0swm7G6GUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYl6DKhGwSW2DDcCH1OFNA4EdoLRbe53nlBpnsgHM 07Rj+lQ8pAzanIp6smsX625dXcGskq8gtSgQLNf/ekNEpbFKA0TVOuu56bGn1BlOBM4rfQyjSllIzrErqWSxqj9yezWKTmzyoCEibIlDZmpfycmNNZ6HAe2M6Ym0steLv7ndTMTXvsTLtPMoGTzRWEmiEl I/jgZcIXMiLEllClubyUsoooyY+NZ2BIoOkIztbl4yymskvZF3XPr3v1lrXFTJFSGEziFc/DgChpwB01oAYMIXuAV3pxn5935cD7nrSWnmDmGBThfv8U4lqE=</latexit><latexit sha1_base64="n5Pe6zETdIRtpTGbLDPLphFnG+U=">AAAB/nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lE0GPRi8cKthXaUDbbSbN0swm7G6GUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYl6DKhGwSW2DDcCH1OFNA4EdoLRbe53nlBpnsgHM 07Rj+lQ8pAzanIp6smsX625dXcGskq8gtSgQLNf/ekNEpbFKA0TVOuu56bGn1BlOBM4rfQyjSllIzrErqWSxqj9yezWKTmzyoCEibIlDZmpfycmNNZ6HAe2M6Ym0steLv7ndTMTXvsTLtPMoGTzRWEmiEl I/jgZcIXMiLEllClubyUsoooyY+NZ2BIoOkIztbl4yymskvZF3XPr3v1lrXFTJFSGEziFc/DgChpwB01oAYMIXuAV3pxn5935cD7nrSWnmDmGBThfv8U4lqE=</latexit><latexit sha1_base64="n5Pe6zETdIRtpTGbLDPLphFnG+U=">AAAB/nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lE0GPRi8cKthXaUDbbSbN0swm7G6GUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYl6DKhGwSW2DDcCH1OFNA4EdoLRbe53nlBpnsgHM 07Rj+lQ8pAzanIp6smsX625dXcGskq8gtSgQLNf/ekNEpbFKA0TVOuu56bGn1BlOBM4rfQyjSllIzrErqWSxqj9yezWKTmzyoCEibIlDZmpfycmNNZ6HAe2M6Ym0steLv7ndTMTXvsTLtPMoGTzRWEmiEl I/jgZcIXMiLEllClubyUsoooyY+NZ2BIoOkIztbl4yymskvZF3XPr3v1lrXFTJFSGEziFc/DgChpwB01oAYMIXuAV3pxn5935cD7nrSWnmDmGBThfv8U4lqE=</latexit>
!0vib
<latexit sha1_base64="1QPkOL4ZFQxk6IppK AwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJduBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+ Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxj yWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQU8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1 z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPp ZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiS RUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/ rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppK AwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJduBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+ Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxj yWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQU8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1 z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPp ZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiS RUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/ rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppK AwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJduBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+ Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxj yWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQU8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1 z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPp ZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiS RUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/ rc75asoqbI7QA6+sXCHycLA==</latexit><latexit sha1_base64="1QPkOL4ZFQxk6IppK AwehtiNxxc=">AAACDXicbVDLSsNAFJ3UV62vVJduBovoqiQi6LLoxmUF2wpNCJPpbTt0Jgkzk0oJ+ Qa/wK1+gTtx6zf4Af6H0zYL23rgwuGcezmXEyacKe0431ZpbX1jc6u8XdnZ3ds/sKuHbRWnkkKLxj yWjyFRwFkELc00h8dEAhEhh044up36nTFIxeLoQU8S8AUZRKzPKNFGCuyqFwsYkCDzpMBjFuZngV1 z6s4MeJW4BamhAs3A/vF6MU0FRJpyolTXdRLtZ0RqRjnkFS9VkBA6IgPoGhoRAcrPZq/n+NQoPdyPp ZlI45n69yIjQqmJCM2mIHqolr2p+J/XTXX/2s9YlKQaIjoP6qcc6xhPe8A9JoFqPjGEUMnMr5gOiS RUm7YWUkJJRqBz04u73MIqaV/UXafu3l/WGjdFQ2V0jE7QOXLRFWqgO9RELUTRE3pBr+jNerberQ/ rc75asoqbI7QA6+sXCHycLA==</latexit>
!vib
<latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit><latexit sha1_base64="BJWWyRdOCf3HpY4YetGgiFCQL4c=">AAACDHicbVDLSsNAFJ3UV62vqE s3g0VwVRIRdFl047KCfUATwmR60w6dyYSZSaGE/oJf4Fa/wJ249R/8AP/DpM3Cth64cDjnXs7lhAln2jjOt1XZ2Nza3qnu1vb2Dw6P7OOTjpapotCmkkvVC4kGzmJoG2Y49BIFRIQcuuH4vvC7E1CayfjJT BPwBRnGLGKUmFwKbNuTAoYkyDwl8ISFs8CuOw1nDrxO3JLUUYlWYP94A0lTAbGhnGjdd53E+BlRhlEOs5qXakgIHZMh9HMaEwHaz+afz/BFrgxwJFU+scFz9e9FRoTWUxHmm4KYkV71CvE/r5+a6NbPWJy kBmK6CIpSjo3ERQ14wBRQw6c5IVSx/FdMR0QRavKyllJCRcZgil7c1RbWSeeq4ToN9/G63rwrG6qiM3SOLpGLblATPaAWaiOKJugFvaI369l6tz6sz8VqxSpvTtESrK9fnuCb+w==</latexit>
haˆ†aˆi & 1
<latexit sha1_base64="jZ73499i/tcyTqfQwU9Z4wOZILM=">AAACKXicbVDLSgMxFM3 U97vq0k2wCG4sMyLoUnTjUsFqoVPLnfR2GprJDMkdoZR+hZ/hF7jVL3CnbsX/MK2zsNUDgZNz7iM5UaakJd9/90ozs3PzC4tLyyura+sb5c2tG5vmRmBNpCo19QgsKqmxRpIU1jODkEQK b6Pe+ci/vUdjZaqvqZ9hM4FYy44UQE5qlQ9CBTpWyMMuEIe7sA1xjKa4hmZshjG5CQkPWuWKX/XH4H9JUJAKK3DZKn+F7VTkCWoSCqxtBH5GzQEYkkLhcDnMLWYgehBjw1ENCdrmYPyt Id9zSpt3UuOOJj5Wf3cMILG2n0SuMgHq2mlvJP7nNXLqnDQHUmc5oRY/izq54pTyUUa8LQ0KUn1HQBjp3spFFwwIcklObIkM9JCGLpdgOoW/5OawGvjV4OqocnpWJLTIdtgu22cBO2an7 IJdshoT7IE9sWf24j16r96b9/FTWvKKnm02Ae/zGzpup0Q=</latexit><latexit sha1_base64="jZ73499i/tcyTqfQwU9Z4wOZILM=">AAACKXicbVDLSgMxFM3 U97vq0k2wCG4sMyLoUnTjUsFqoVPLnfR2GprJDMkdoZR+hZ/hF7jVL3CnbsX/MK2zsNUDgZNz7iM5UaakJd9/90ozs3PzC4tLyyura+sb5c2tG5vmRmBNpCo19QgsKqmxRpIU1jODkEQK b6Pe+ci/vUdjZaqvqZ9hM4FYy44UQE5qlQ9CBTpWyMMuEIe7sA1xjKa4hmZshjG5CQkPWuWKX/XH4H9JUJAKK3DZKn+F7VTkCWoSCqxtBH5GzQEYkkLhcDnMLWYgehBjw1ENCdrmYPyt Id9zSpt3UuOOJj5Wf3cMILG2n0SuMgHq2mlvJP7nNXLqnDQHUmc5oRY/izq54pTyUUa8LQ0KUn1HQBjp3spFFwwIcklObIkM9JCGLpdgOoW/5OawGvjV4OqocnpWJLTIdtgu22cBO2an7 IJdshoT7IE9sWf24j16r96b9/FTWvKKnm02Ae/zGzpup0Q=</latexit><latexit sha1_base64="jZ73499i/tcyTqfQwU9Z4wOZILM=">AAACKXicbVDLSgMxFM3 U97vq0k2wCG4sMyLoUnTjUsFqoVPLnfR2GprJDMkdoZR+hZ/hF7jVL3CnbsX/MK2zsNUDgZNz7iM5UaakJd9/90ozs3PzC4tLyyura+sb5c2tG5vmRmBNpCo19QgsKqmxRpIU1jODkEQK b6Pe+ci/vUdjZaqvqZ9hM4FYy44UQE5qlQ9CBTpWyMMuEIe7sA1xjKa4hmZshjG5CQkPWuWKX/XH4H9JUJAKK3DZKn+F7VTkCWoSCqxtBH5GzQEYkkLhcDnMLWYgehBjw1ENCdrmYPyt Id9zSpt3UuOOJj5Wf3cMILG2n0SuMgHq2mlvJP7nNXLqnDQHUmc5oRY/izq54pTyUUa8LQ0KUn1HQBjp3spFFwwIcklObIkM9JCGLpdgOoW/5OawGvjV4OqocnpWJLTIdtgu22cBO2an7 IJdshoT7IE9sWf24j16r96b9/FTWvKKnm02Ae/zGzpup0Q=</latexit><latexit sha1_base64="jZ73499i/tcyTqfQwU9Z4wOZILM=">AAACKXicbVDLSgMxFM3 U97vq0k2wCG4sMyLoUnTjUsFqoVPLnfR2GprJDMkdoZR+hZ/hF7jVL3CnbsX/MK2zsNUDgZNz7iM5UaakJd9/90ozs3PzC4tLyyura+sb5c2tG5vmRmBNpCo19QgsKqmxRpIU1jODkEQK b6Pe+ci/vUdjZaqvqZ9hM4FYy44UQE5qlQ9CBTpWyMMuEIe7sA1xjKa4hmZshjG5CQkPWuWKX/XH4H9JUJAKK3DZKn+F7VTkCWoSCqxtBH5GzQEYkkLhcDnMLWYgehBjw1ENCdrmYPyt Id9zSpt3UuOOJj5Wf3cMILG2n0SuMgHq2mlvJP7nNXLqnDQHUmc5oRY/izq54pTyUUa8LQ0KUn1HQBjp3spFFwwIcklObIkM9JCGLpdgOoW/5OawGvjV4OqocnpWJLTIdtgu22cBO2an7 IJdshoT7IE9sWf24j16r96b9/FTWvKKnm02Ae/zGzpup0Q=</latexit>
haˆ†aˆi ⇡ 0
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FIG. 10: Proposed scheme for the generation of near-field infrared quantum light using photochemistry. An
individual vibrating molecule adsorbed on a plasmonic nanoparticle undergoes a photochemical reaction at t0 over the timescale
Tchem = |t1−t0|, producing a molecular bond that couples strongly with the near-field vacuum of the nanostructure. Depending
on the duration of the chemical transformation, the light-matter system is prepared at t1 into a vibrational polariton wavepacket
that can emit quantum light into the far field through radiative relaxation. The panel at the bottom qualitative describes the
associated time evolution of the light-matter coupling strength λg, and the detuning ∆ω between the relevant plasmonic
frequency ωc and the vibrational frequency ωvib.
In this proposed preparation scheme, the chemical re-
action timescale Tchem is very important. If it is compa-
rable or much shorter than the Rabi oscillations expected
to establish for the vibrational populations under strong
light-matter coupling, then system evolves as described
in the main text. If Tchem is much larger than the relevant
Rabi period, then the light-matter system evolves adia-
batically from an uncoupled product eigenstate |ν〉 |nc〉
into a polariton eigenstate, not a polariton wavepacket.
For instance, if the uncoupled eigenstate is the bare vi-
brationless vacuum |ν = 0〉 |nc = 0〉, then the system is
prepared adiabatically in the polariton ground state at
t1, from where no photons can be emitted. Radiation
can only be emitted as long as the system wavefunction
|ψ(t = t1)〉 has finite contributions from excited polariton
states.
In summary, we have developed the first detailed the-
oretical framework for understanding the sub-picosecond
dynamics of anharmonic vibrational polaritons. Start-
ing from a fundamental light-matter interaction model
in the electric dipole approximation, we correlate the
dynamics of both material and photonic observables of
a strongly coupled cavity-vibration system with the un-
derlying electrostatic properties of vibrations determined
by the molecular electronic structure. Using numerically
exact quantum dynamics methods, we show that the en-
tire shape of the electric dipole function of anharmonic
vibrational modes is relevant for understanding the sub-
picosecond dynamics of vibrational polaritons in infrared
cavities. Our single-molecule analysis may stimulate fur-
ther developments on vibrational strong coupling with
nanophotonics [37–39]. The results can also be extended
in order to take into account many-body effects, as well
as photonic or material dissipative processes. Such ex-
tensions would enable a more direct comparison with
available experimental evidence in liquid-phase cavities
[8, 13, 18, 57]
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